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Abstract
Over the last three decades there are few elds in semiconductor physics that have attained more attention than high mobility electron systems in reduced dimensions. Twodimensional electron systems in semiconductors are one foundation of integrated circuits
and therefore of any computer technology.
While the digital age is for the most part based on cost-ecient and reliable silicon
structures, the performance of MBE-grown 2DEGs realized in the GaAs/AlGaAs material
system outclasses silicon devices by several orders of magnitude, when investigated at very
low temperatures

< 4 K.

Therefore GaAs/AlGaAs based 2DEG structures are a crucial

prerequisite for many elds of modern semiconductor physics. A prominent example is the
extremely fragile fractional quantum Hall state (FQHS) at lling factor

ν = 5/2,

which

could play an important role for the realization of fault-tolerant quantum computing.
To synthesize such 2DEG structures of extraordinary quality, the technique of molecular beam epitaxy is the method of choice. The goal of this work was to develop and prepare
2DEG samples of excellent quality, with a great freedom in desired parameters like electron
density, depth of the conducting layer below the surface, incorporated gate layers or illumination behaviour. A special emphasis was laid onto the production of 2DEGs showing a
stable

ν = 5/2

FQHS without the need to further process or manipulate the sample (e.g.

by illumination).
In the rst part of this thesis, we will review history and technical points of MBE-growth
itself (chapter 2), followed by a short overview on the GaAs/AlGaAs material system and
the design and historical development of GaAs/AlGaAs 2DEGs (which is closely connected
to the history of MBE growth itself, covered in chapter 3).
After that, we will introduce the theoretical basics of the standard benchmark of 2DEG
quality, the electron mobility:

The Drude model, the classical Hall eect and the Van

der Pauw characterization method. Then we will turn to the integer quantum Hall and
the fractional quantum Hall eects (chapter 4).

These considerations are important to

understand the possible origin and physics of the still enigmatic FQHS at

ν = 5/2,

whose

characteristics are still not fully understood and which is one of the current hot topics of
modern solid state physics (chapter 5).
As we aim to provide the research foundation for investigation of the

ν = 5/2

(and

a variety of other, still not fully understood) FQHSs, we will then describe in detail the
high-mobility MBE system we set up in our laboratory at ETH Zürich (chapter 6).

To

determine success or failure of our growth experiments, we implement low-temperature
magnetotransport characterization. The dierent characterization setups that were implemented are described in chapter 7.

The theoretical part is concluded with an overview

of the natural enemies of an MBE grower trying to create high-quality samples: The
dierent scattering mechanisms limiting the performance of 2DEGs (chapter 8).

V

In the second part we present our results in terms of increasing the quality of our
structures to improve and enable investigations in a variety of projects. First of all, if one
aims to improve the respective structures, one requires a high level of reproducibility and
reliability both in actual growth operations and the following sample characterization. We
developed techniques to signicantly improve both, which allows us to judge the success or
failure of a growth experiment with much higher precision. Also, we present a mapping of
the magnetotransport characteristics of a full wafer, for the cases of rotated and unrotated
growth respectively. This information greatly reduces the insecurity of the actual 2DEG
characteristics in subsequent experiments, which are naturally performed on samples from
dierent locations of a given substrate (chapter 9).
When optimizing growth parameters/sample characteristics, it is logical to start at the
beginning. In our case, this is the beginning of a growth run, the base layers of any 2DEG
structure. This base may contain a heavily doped layer acting as a backgate to tune the
2DEGs electron density.

We present our technique to create large-area backgates with

high tuning capabilities and moderate loss in sample quality.

Additionally, we investig-

ated the possibility of incorporating arbitrarily shaped backgates underneath our 2DEGs.
While in principle successful, we nd that our chemical preparation process requires further
optimization (chapter 10).
Other than grown backgates, the application of (structured) metallic topgates onto a
2DEG structure is a standard procedure, suers however from leakage currents that are
transmitted by surface defects. In chapter 11, we investigate growth techniques to reduce
the defect density on a 2DEG sample's surface by an order of magnitude, while keeping
the inevitable loss of electron mobility at bay. Also, the inuence of the applied crucible
type for gallium is discussed.
In modern, high-quality 2DEG samples, the electron mobility is limited by the amount
of residual particles in the UHV chamber, that are incorporated as a background of impurities during growth operations. In chapter 12, we concentrate on the contribution of source
materials, eusion cells and substrate heating to the total impurity level (and therefore
mobility limitation) in our setup.

We present solutions to reduce these impurity levels

without restricting the variability of growth parameters.
As electron mobility generally scales with the electron density of a 2DEG, ultra-high
mobility samples are usually located in a rectangular quantum well, which is anked by
two layers of dopants and thus gains a cumulative electron density from these two layers.
We discuss the implications of rectangular quantum well widths, as well as the role of the
highly reactive aluminium residing at both boundaries of the quantum well. We provide
an analysis of ideal quantum well widths and present a number of techniques to increase
2DEG mobility by reducing the aluminium content in the vicinity of the 2DEG (chapter
13).
The quality of a 2DEG structure is limited not only by background impurities, but also
by the irregular coulomb potential stemming from ionized donor atoms. The eect of this
process can be minimized by increasing the setback distance between donors and 2DEG.
However, as increasing the setback also reduces the electron density of a given structure,
we investigated the trade-o between these two eects, evaluating the optimum setback
distance (in terms of total mobility achieved) for dierent types of structures (chapter 14).
Another approach to reduce the mobility limitation by ionized remote donors is to
employ a screening layer of electrons or to induce a spatial correlation among ionized
donors, both of which are capable of levelling the irregular coulomb potential. In chapter

15, we discuss the eciency of the dierent techniques.

Also, we give a quantitative

estimation of the actual mobility limits caused by the three main scattering mechanisms 
background impurities, remote ionized donors and interface roughness  in our top samples.
In chapter 16, we turn to the characterization and optimization of our high-quality
structures with respect to the activation energy of the
lied hereby on increasing

∆5/2

ν = 5/2

FQHS,

∆5/2 .

Our focus

for as grown samples, i.e. 2DEG structures without the

need for processing that might inhibit their use for further research projects. We employed
the same techniques as for our mobility optimizations, for example investigating the eects
of growth temperature, general background impurity level and aluminium content in the
vicinity of the 2DEG. Impressive results were achieved by minimizing the inuence of
remote ionized donors (as this mechanism is commonly accepted to govern the stability
of

∆5/2 ),

as we managed to increase the gap energy by a factor of four by increasing

setback distance and applying built-in screening mechanisms. Finally, we suggest sample
characteristics that may be used to establish a correlation between them and
aims to provide reliable predictions on sample quality with respect to

∆5/2

access features, thus making future optimizations much more ecient.

∆5/2 .

This

from easier-to-

Zusammenfassung
In den vergangenen drei Jahrzehnten haben nur wenige Bereiche in der Halbleiterphysik
mehr Aufmerksamkeit erfahren und mehr an Wissen und Verständnis gebracht als hochbewegliche Elektronensysteme in reduzierten Dimensionen.

Solche zwei-dimensionalen

Elektronensysteme in Halbleitern sind die Grundlage integrierter Schaltkreise und somit
der gesamten Computertechnologie.
Zwar basiert das digitale Zeitalter zum allergröÿten Teil auf der bewährten und kostengünstigen Siliziumtechnologie, die Leistungsdaten von 2DEGs im GaAs/AlGaAs Materialsystem übertreen die Siliziumtechnik jedoch um mehrere Gröÿenordnungen, zumindest im Bereich tiefer Temperaturen

< 4K .

Daher stellen GaAs/AlGaAs basierte 2DEG-

Strukturen eine der Grundlagen für zahlreiche Forschungsgebiete der aktuellen Halbleiterphysik dar. Ein prominentes Beispiel ist der äuÿerst empndliche fraktionale QuantenHall Zustand, der bei einem Füllfaktor von

ν = 5/2 beobachtet werden kann.

Er stellt einen

vielversprechenden Kandidaten für die angestrebte Realisierung fehlertoleranten Quantencomputings dar.
Zur Erzeugung solcher 2DEGs von auÿerordentlich hoher Qualität ist das epitaktische Wachstum mittels Molekularstrahlepitaxie das einzig geeignete Mittel.

Ziel dieser

Arbeit ist es, 2DEG Proben zu entwickeln und zu präparieren, die bei exzellenter Qualität
ein hohes Maÿ an Freiheit in der Wahl verschiedener Parameter bieten, wie zum Beispiel die Elektronendichte, Tiefe der leitenden Schicht unter der Probenoberäche, Einbau
elektrischer Gates oder Verhalten nach Beleuchtung. Besonderes Augenmerk liegt auf der
Herstellung von Strukturen, die einen stabilen

ν = 5/2 Zustand aufweisen, und dies im ge-

wachsenen Zustand, also ohne die Notwendigkeit, die Probe durch weitere Prozessschritte
(etwa Beleuchten) vorzubereiten.
Im ersten Teil dieser Arbeit stellen wir Prinzip, Entwicklung und technische Einzelheiten des MBE-Wachstums von GaAs/AlGaAs vor (Kapitel 2).

Es folgt ein Überblick

über das Materialsystem selbst sowie über Design und historische Entwicklung hochbeweglicher 2DEG-Strukturen (dargestellt in Kapitel 3 und eng verbunden mit der Geschichte
des MBE-Wachstums selbst).
Anschlieÿend werden die theoretischen Grundlagen der Elektronenbeweglichkeit als
Standardmaÿ für die Qualität einer 2DEG Struktur eingeführt:

Das Drude-Modell für

Beweglichkeit, der klassische Hall-Eekt und die Van der Pauw-Methode.

Danach wid-

men wir uns der theoretischen Betrachtung des ganzzahligen und des gebrochenzahligen Quanten-Hall-Eekts (Kapitel 4).

Diese sind wichige Voraussetzungen für die Be-

trachtung des gebrochenzahligen Quanten-Hall-Eekts beim Füllfaktor

ν = 5/2,

dessen

Ursprung und physikalische Eigenschaften noch immer nicht vollständig verstanden sind
(Kapitel 5). Daher zählt der 5/2 FQHS zu den interessantesten Phänomenen der aktuellen
Festkörperphysik.

IX

Da diese Arbeit sich auf Herstellung und Optimierung der experimentellen Grundlagen
zur Erforschung dieses (und einer Reihe anderer, ebenso rätselhafter) Quantenzustände
konzentriert, geben wir eine detaillierte Beschreibung unserer Molekularstrahlepitaxieanlage, die wir an der ETH Zürich aufgebaut haben (Kapitel 6).
Um Erfolg oder Misserfolg dieser Bemühungen zu ermitteln, verwenden wir eine Reihe
verschiedener Messaufbauten zur Charakterisierung der Magnetotransporteigenschaften
unserer 2DEG-Strukturen.

Diese Aufbauten werden in Kapitel 7 beschrieben.

Der the-

oretische Teil dieser Arbeit schlieÿt mit einer Übersicht über die natürlichen Feinde
eines Wissenschaftlers, der sich der Herstellung hochwertiger 2DEG-Strukturen mittels
MBE widmet: Den verschiedenen Streuprozessen, welche die elektrischen/magnetischen
Eigenschaften (insbesondere Beweglicheit) solcher Strukturen limitieren (Kapitel 8).
Im zweiten Teil präsentieren wir unsere Ergebnisse zur Verbesserung der Qualität
unserer Halbleiterstrukturen, die eine Reihe von Forschungsprojekten unterstützen bzw.
überhaupt erst ermöglicht haben. Versucht man eine 2DEG-Struktur zu optimieren, stellt
sich zunächst die Frage nach Genauigkeit und Zuverlässigkeit sowohl des Wachstumsprozesses wie auch der anschlieÿenden Charakterisierung. Hierzu wurden Techniken entwickelt, die beides wesentlich verbessern, so dass Erfolg oder Misserfolg eines Wachstumsexperiments mit weit höherer Präzision bestimmt werden kann. Darüber hinaus haben wir
einen kompletten Wafer hinsichtlich seiner Magnetotransporteigenschaften charakterisiert,
und zwar für den Fall des rotierten und des unrotierten Wachstums.

Diese Information

erleichtert die Auswahl geeigneter Proben für weiter gehende Experimente, da jene natürlicherweise aus verschiedenen Bereichen eines gegebenen Wafers entnommen werden, und
daher in ihren Charakteristika voneinander abweichen (Kapitel 9).
Versucht man sich an der Optimierung von Wachstumsparametern/Probencharakteristika, ist es nur folgerichtig, am Anfang zu beginnen: Bei der Basis der hochbeweglichen
2DEG-Strukturen.

Die Basisschichten können beispielsweise eine Lage stark dotiertes

GaAs enthalten, welche dann als Backgate verwendet wird, um die Elektronendichte des
2DEGs zu manipulieren. Es ist uns gelungen, Backgates mit groÿem nutzbarem Spannungsbereich zu entwickeln, deren Präsenz die Beweglichkeit des darüberliegenden 2DEGs nur
unwesentlich beeinusst. Auÿerdem untersuchen wir die Möglichkeit strukturierter Backgates, z.B in der Form einer Hallbar oder für die Verwendung als pinch-o gate. Prinzipiell
waren unsere Versuche erfolgreich, jedoch bedarf der erforderliche chemische Reinigungsprozess zwischen den einzelnen Wachstumsschritten noch weiterer Verbesserungen, um die
Ausbeute brauchbarer Proben zu erhöhen (Kapitel 10).
Anders als bei (strukturierten) Backgates ist der Einsatz metallischer Topgates eine
Standardprozedur. Diese Technik leidet allerdings unter Leckströmen zwischen Gate und
2DEG, die durch tiefreichende Kristalldefekte an der Probenoberäche verursacht oder
begünstigt werden. In Kapitel 11 entwickeln wir Methoden des MBE-Wachstums, mit der
die Dichte solcher Defekte um eine Gröÿenordnung reduziert werden, während sich die
unvermeidlichen Verluste an Beweglichkeit in Grenzen halten. Die Untersuchung umfasst
auch den Einuss der Gallium-Eusionszellen auf Defektdichte und Beweglichkeit.
In modernen hochbeweglichen 2DEGs wird die Beweglichkeit hauptsächlich durch geladene Hinergrundverunreinigungen begrenzt. Dabei handelt es sich um Restgasatome in
der UHV-Kammer, die während des Wachstumsprozesses zwangsläug in den Halbleiterkristall eingebaut werden.

In Kapitel 12 widmen wir uns daher der Reduzierung dieser

Hintergrundverunreinigungen, die von verschiedenen Quellen herrühren: Den Wachstumsmaterialien, Eusionszellen und der Substratheizung.

Wir präsentieren Lösungen zur

Verbesserung der Probenqualität, ohne dabei die groÿe Bandbreite einstellbarer Parameter
(Elektrondichte, Tiefe des 2DEG unter der Oberäche etc.) einzuschränken.
Die Beweglichkeit skaliert nicht nur mit der Kristallqualität, sondern auch mit der
Elektronendichte im 2DEG. Ein probates Mittel, diese zu erhöhen besteht darin, das
Elektronengas in einem symmetrischen Quantenlm zu erzeugen, der zu beiden Seiten
von einer Dotierschicht ankiert wird. Auf diese Weise protiert die Elektronendichte von
zwei Dotierschichten. In Kapitel 13 diskutieren wir die Probleme, die bei der Verwendung
solcher Quantenlme auftreten, insbesondere am unteren Heteroübergang von AlGaAs zu
GaAs. Auÿerdem widmen wir uns der Rolle des hoch reaktiven Aluminiums in der unmittelbaren Umgebung des Quantenlms (und damit des 2DEGs). Wir analysieren die ideale
Breite eines 2DEG-Quantenlms und stellen mehrere Techniken vor, wie sich durch die
Reduktion des Aluminiumanteils in seiner Umgebung die Beweglichkeit deutlich steigern
lässt.
Als limitierender Faktor der Probenqualität treten aber nicht nur Hintergrundverunreinigungen auf, sondern auch das unregelmäÿige Coulomb-Potential, das von entfernten
ionisierten Störstellen (also Dotier-Atomen) in der Struktur verursacht wird. Wir zeigen,
in welchem Maÿe der Eekt dieses Störprozesses durch Erhöhen des Abstands zwischen
2DEG und Dotierung abgeschächt werden kann.

Allerdings geht eine solche Erhöhung

des Abstandes auch immer mit einer Reduktion der Elektronendichte einher. Unsere Untersuchungen liefern den optimalen Kompromiss zwischen diesen beiden entegengesetzten
Eekten für verschiedene Arten von hochbeweglichen Strukturen (Kapitel 14).
Eine andere Möglichkeit, den schädlichen Einuss entfernter ionisierter Donatoren abzumindern, besteht darin, ihn durch eine zusätzliche Schicht von Elektronen abzuschirmen,
oder eine regelmäÿige Anordnung der ionisierten Donatoren zu erzwingen. Die Anwendbarkeit und Ezienz dieser Techniken sind Gegenstand von Kapitel 15. Zusammen mit
den Erkenntnissen aus dem vorigen Kapitel erlauben die dabei gewonnen Erkenntnisse
eine quantitative Abschätzung der relativen Beiträge der drei wichtigsten Störprozesse:
Geladene Hintergrundverunreinigungen, entfernte ionisierte Störstellen und Grenzächenrauigkeit am (an den ) Heteroübergang (-übergängen).
In Kapitel 16 wenden wir uns schlieÿlich der Ausprägung und Stabilität des 5/2 FQHSs
in unseren hochbeweglichen Strukturen zu. Besonderes Augenmerk liegt dabei darauf, die
Aktivierungsenergie des 5/2-Zustandes zu erhöhen, und zwar für Proben im gewachsenen
Zustand, also ohne dass ihre Eigenschaften mittels Beleuchtung oder Gates optimiert werden (müssen). Vergleichbar zu unseren Bemühungen hinsichtlich der Elektronenbeweglichkeit untersuchen wir den Einuss von Material-, Wachstums- und Strukturparametern.
Besondere Erfolge wurden dabei durch die Reduktion des Einusses entfernter ionisierter
Donatoren erzielt.

Anders als bei der Beweglichkeit, die von Hintergrundverunreinigun-

gen dominiert wird, ist es dieser Prozess, der die 5/2-Aktivierungsenergien hauptsächlich limitiert. Durch die Anpassung des Abstandes zwischen 2DEG und Dotierung sowie
die Verwendung eingebauter Abschirmtechniken erreichten wir eine Vervierfachung der
Aktivierungsenergie.

Abschlieÿend schlagen wir einige Möglichkeiten vor, die Gröÿe der

Aktivierungsenergie an Hand anderer, leichter und schneller zugänglicher Eigenschaften
des 2DEG vorauszusagen.

Solch eine Korrelation würde die Entwicklungszeiten für ein-

zelne Experimente drastisch verkürzen und somit die Fortsetzung unserer Optimierungsbemühungen wesentlich ezienter machen.
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View experimental developments have had a greater impact on semiconductor physics
than the technique of molecular beam epitaxy (MBE). Developed by Cho et al. ([1, 2])
and constantly improved over the following decades, MBE allows to build a semiconductor
crystal literally atomic layer by atomic layer with unequalled precision and crystal purity.
In particular the material system of gallium arsenide/aluminium arsenide can be used to
synthesize complex heterostructures with tailored electrical/magnetotransport properties. Main advantages of this material system are the very small lattice mismatch between
GaAs, AlAs and its ternary form

Alx Ga1−x As

 the mismatch is<

0.2 %

 and the easy

tuning of the conduction band oset (by varying the fraction of aluminium in

Alx Ga1−x As).

The undoubtedly most important application of GaAs/AlAs-MBE is the production
of two-dimensional electron gases (2DEGs). Continued eorts of many research groups to
optimize structural design and growth operations for GaAs-based heterostructures hosting a 2DEG have nally led to systems with low-temperature electron mobilities

3.5 · 107 cm2 /V s

µ

above

([3, 4]), which is by far the highest value in any solid body. Therefore,

2DEG structures of high quality are one of the workhorses of modern semiconductor physics and have led to several groundbraking discoveries in this eld.
One of the most prominent examples is the discovery of the fractional quantum Hall
eect (FQHE) by Tsui et al.

([5]), that can only be observed in such systems at very

low temperatures. This eect is a result of many-body-interactions between the 2DEGelectrons in a strong magnetic eld. The electrons form a new, collective ground-state and
can be described as quasiparticles, consisting of a combination of electrons and magnetic
ux quanta: The composite fermions ([6]). These new particles have dierent properties
than ordinary electrons, for example that they carry an electrical charge that is only a
fraction of the electron charge.

Even more interesting, composite fermions do not show

a bosonic or fermionic behaviour. Exchanging two particles does not result in the same
wave function with an added phase of

0 (Bosons) or π

(Fermions). It can attain any value,

hence the term Any-ons.
The most fascinating follow-up discovery, enabled by the increasing quality of the
investigated 2DEG samples, was the observation of a fractional quantum Hall state at

ν = 5/2

([7]), which could not be explained any more with the composite-fermion model.

A number of candidate wave functions has been suggested for this extremely fragile state
(for example Halperin's 331- or the Moore-Read Pfaan state), and some of them have
stirred special interest, as they predict the

ν = 5/2

state to exhibit non-Abelian statistics.

A system of (quasi-)particles is dubbed non-Abelian, if varying the order of (identical)
particle exchanges in a system leads to dierent nal system states.

This character-

istic would be one of the key prerequisites for the realization of fault-tolerant topological
quantum computing.
As the true nature of the

ν = 5/2

state  and thus the wave function describing it  is

still unclear, it is most desirable to nd out if this state would be suitable as a basis for
topological quantum computing. Theoretical and experimental investigations lean towards
non-Abelian candidate wave functions, but a denite answer is not yet given. Therefore,
experimental probing of the characteristics of the

ν = 5/2

state is one of the current hot

topics in quantum Hall research.
Obviously, 2DEG samples of exceptional quality that show a robust

ν = 5/2

state are

crucial for meaningful results of such experiments. This robustness is dened by the activ-
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which can be derived from temperature-dependent magneto-transport

measurement at very low temperatures (<

0.1 K ).

The goal of this thesis was to provide 2DEG samples of ultra-high quality. We aimed
to optimize growth parameters and structure design with respect to the stability of the

ν = 5/2

state in as-grown condition of the samples, that is without the need for further

processing e.g.

by gating or illumination techniques.

tuning and illumination considerably improve
investigating the

ν = 5/2

∆5/2

It is well established that gate-

(e.g.

[8, 9]), but many experiments

state forbid such preparations.

We used the electron mobility of our 2DEG samples as a benchmark for sample qual-

µ

ity. While a general correlation between
of

∆5/2

rising with

µ,

and

∆5/2

is absent, there is a clear tendency

given similar sample structure and growth conditions ([8, 10, 11]).

The reason for this is that both characteristics are limited by a variety of scattering mechanisms, originating for example from charged background impurities (CBIs) incorporated
into the semiconductor crystal during growth or from the irregular Coulomb potential of
the (statistically distributed) ionized donors (remote ionized donors, RIs).

However, in

modern 2DEG structures, the impact of these limitations are reduced in such a way that

µ

is dominated by CBIs, while the gap energy of the much more sensitive

ν = 5/2

state is

mainly limited by RI-scattering.
To optimize the electron mobility, we investigated the reproducibility and precision
of our growth operations and characterization methods.

We managed to increase this

reproducibility signicantly, which greatly beneted our ability to optimize our structures
and verify the success of these eorts.

Then we analysed the dierent sources of CBI-

contamination in an MBE-setup  like for example impurities evaporating from source
materials or residual gases desorbing from heated components in the growth chamber.
Further, we developed methods to reduce the incorporation of CBIs into the crystal, for
example by reducing the amount of highly reactive amount of aluminium in the vicinity of
the quantum well hosting the 2DEG. This was achieved without reducing the freedom of
sample characteristics and growth parameters that is required to tailor 2DEG structures
for a wide range of experiments  not only for the probing of

5/2 characteristics mentioned

above.
These optimizations led to a signicant increase in sample mobility, enabling us to
produce 2DEGs with

µ > 2 · 107 cm2 /V s

over a wide range of electron densities (2

−4·

1011 cm−2 ) on a daily basis.
The inuence of the RI-scattering and the possibilities to reduce it were investigated by
optimizing the distance of the setback layer between 2DEG and doping layer(s). Another
way to reduce RI-scattering is demonstrated by employing techniques to screen the coulomb
potential of the ionized donors or level the potential by inducing spatial correlations
among the ionized donors.
We also drastically improved the sample surface quality, which beneted the application
and usable voltage range of metallic top gates and developed a technique to incorporate
grown backgates (to manipulate the 2DEG from below), while keeping the mobility of
the 2DEG itself intact.
The methods developed to increase electron mobility were then investigated with respect to their impact on the stability of the
moderately increase

∆5/2

ν = 5/2

state. As expected, we managed to

by a reduction of the CBI's contribution. Reducing the inuence

of RIs however resulted in an impressive value of

∆5/2

that is four times higher than the
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best gap energies we obtained before this thesis was begun.
Our eorts drastically increased the mobility and

5/2

gap energy of our samples and

the parameter range (in terms of growth parameters and layer composition) in which we
can synthesize 2DEG samples of exceptional quality. We are condent that we have made
an important contribution to the ongoing eorts to probe the characteristics of the

ν = 5/2

state. This will eventually lead to reveal the true nature of this enigmatic phenomenon
that is as fascinating as it is promising (with respect to it's potential impact on future
research and application).
Apart from enabling the quantum Hall research community to have a clear(er) look on
the nature of the

ν = 5/2

state ([12, 13, 14, 15]), our work also promoted or even enabled

a variety of experiments in other elds of semiconductor physics (see e.g. [16, 17, 18, 19]).
Often, the structures used for these experiments have to meet strict requirements that
almost feel like being set to inhibit high electron mobilities (and with that sample quality
and signicance of the results obtained from such experiments).
Among numerous other experiments, we managed to produce a back-gate tuned 2DEG
with a top mobility of

6

18 · 10 cm2 /V s,

and a 2DEG located in a quantum well consisting

of AlAs (instead of GaAs) with a mobility of

5 · 105 cm2 /V s.

the highest values reported in structures of these types.

Both are, to our knowledge,
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Since it's development in the late 1960s, the technique of molecular beam epitaxy
(MBE) proved to be one of the most powerful tools in the arsenal of the modern solid-state
physicist. The possibility to create semiconductor devices with unequalled precision and
of extraordinary quality led, over the course of four decades, to no fewer than four Nobel
prices: von Klitzing 1985, Laughlin and Störmer and Tsui 1998, Alfjorow and Krömer and
Kilby 2000, Boyle and Smith 2009.

2.1

Molecular Beam Epitaxy

The principle of molecular beam epitaxy is literally to build a (semiconductor-)crystal
atom by atom. The source materials forming the desired crystal structure are shaped to a
beam of atoms or molecules and directed on a heated substrate (which normally consists
of a crystal of identical or at least very similar structure, compared to the desired one).
In most cases, the beams are created by thermally evaporating or sublimating the source
material in carefully shaped crucibles. These crucibles have specially designed orices that
create a homogeneous particle beam having ideally the same diameter as the substrate (in
order to prevent waste of source materials).
Upon reaching the substrate, the atoms or molecules may migrate on the heated substrate until they nd an appropriate vacant lattice site, where they are incorporated into
the growing crystal.
The material beams are very dilute:

Typical partial pressures are in the range of

10−5 mbar, which results in an extremely slow growth rate of usually less than one nanometer per second.

Because of that, the technique of MBE allows to reliably create layers

having the thickness of a single atomic layer. This ability to custom tailor even the most
dilute and complex structures permitted a wide range of nanoscale semiconductor devices
like laser diodes and quantum cascade lasers, MOSFETs, HEMTs and so on  or at least
put their performance on a whole new level.
Of course the main drawback of MBE is that it requires the growth process to take place
in an extremely clean vacuum environment. Residual gases in the growth environment tend
to stick to the substrate just like the source materials (although normally less ecient),
causing crystal mismatches and/or acting as unwanted dopants.
Keeping in mind that even very thin structures of a few microns take several hours
to grow, it is easy to understand that a poor vacuum can deteriorate sample quality so
massively that not the most perfect structure design can make up for it. Section 2.3 gives a
more detailed view of how the increase in vacuum quality enhanced the performance of the
agship of modern quantum physics, the aluminiumgalliumarsenide based two dimensional
electron gas (2DEG) structures.

2.2 History and evolution of the modern GaAs/AlGaAs MBE
While the term molecular beam epitaxy rst appeared in 1970 ([1]), the technique of
growing a crystal by condensing it from base material vapours on a proper substrate was
known some years earlier. However, the fatal problem of this proto-MBE was in the vast
dierences of temperatures needed for the substrate and the source materials to attain
good stoichiometric growth conditions.

That is, as will be detailed in later sections,

the partial pressures of the components have to meet a certain relation and the substrate
temperature has to be be in a range that allows for sucient atom movement without
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Figure 2.1: Schematic of an MBE growth chamber. Located in the center of the growth chamber is the
substrate on its holder (1), mounted to the manipulator stage (2). The central group is surrounded by
a cryo-shield (3) that has openings where needed. The eusion cells (4) are mounted in a way that they
project their atomic beams to the center of the chamber (substrate). Additional to the cell-openings, a
growth chamber features a variety of anges of dierent sizes (5-8) for multiple purposes: At a central
viewport, usually a temperature measurement device is mounted. A number of anges serves as viewports
for optical inspection or mounting e.g. pressure gauges (6), while others are dedicated to the RHEED gun
and screen (7) or for the main valve to load/unload of growth substrates.

reevaporating the crystal's components. A prominent example is gallium arsenide (GaAs),
where roughly

300° C

600° C

are needed for the substrate, but

900° C

for the gallium source and

for arsenic (the latter values are of course rough approximations, as the actual

temperature required depends strongly on the setup and material source geometry).
The rst promising approach was Günther's three-temperature-method [20]. While
he succeeded to control the temperatures of the components of his setup separately, the
crystal quality was not sucient to trigger interest for device production.
A big problem of Günther's setup was that he chose to evaporate his source materials
in closed ovens with only a very small orice (to maintain temperature stability and a
symmetric ux prole). With that however came very low material ux and thus a slow
growth rate. Even more important was the lack of an ecient tool for in situ (and real-time)
surface analysis, which is of course crucial: An epitaxial structure is assembled atomic layer
by atomic layer, or surface after surface. Thus surface analysis is key to obtain a working
set of parameters in the rst place, and much more to optimize those parameters (total
material uxes, ux ratio, substrate temperature, growth interruptions . . . ).
In fact it was the appearance of downsized electron diractometers, auger electron
spectroscopy and small mass spectrometers that enabled a precise and prompt analysis
of a semiconductor's surface. The MBE process as we understand it today was invented
by Arthur [21] as a method to investigate vapour-surface interaction using one of those
compact mass spectrometers, and not as a new means of crystal growth to compete with
the established techniques of the time, Vapour Phase Epitaxy (VPE) and Liquid Phase
Epitaxy (LPE).
One year later, Cho showed that MBE is indeed capable of producing atomically at
layers, which could be monitored in real time. He also demonstrated the incorporation of
dopants and produced an GaAs/AlGaAs Laser structure: MBE met all requirements for
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the production of elaborated high-quality semiconductor structures [22, 23, 24]. Despite
it's relatively high cost, slow growth rates and overall small sample output, MBE quickly
proofed it's superiority  at least for research applications, yet not in the eld of industrial
mass production  over established thin-lm growth techniques. VPE for example lacks
the crystal purity and (due to the relatively high growth rates and very high temperatures
needed, both of which enhance migration and intermixing of materials) well dened heterojunctions of MBE structures, while LPE has the great disadvantage of producing layers
with non-uniform thickness.
Of course the development of 2DEG structures is closely connected to the evolution
of MBE in the III-V semiconductors and here especially the GaAs/AlAs material system.
With 2DEGs in that material system belonging to the most desired experiment foundations
in modern physics, it is not surprising that the great improvements in MBE technology
were driven by the need for and justied by the production of 2DEGs of ever rising quality.
A good example is the introduction of the loadlock in 1981 (see e.g. [4]). Until then,
MBE systems were batch systems. That is, the whole growth chamber had to be opened,
a substrate mounted, then closed, pumped down and baked out before the actual growth
could start. The loadlock now was a second, smaller UHV chamber attached to the growth
chamber, which allowed for transferring substrates and structures into and out of the
growth chamber.
While this method asked for techniques to precisely handle a rather small and fragile
wafer (soon done by magnetically coupled trolleys and transfer rods), it oered two massive
advantages:
The rst one is, it was possible to load and unload several wafers in one open-closebakeout cycle, thus drastically improving the throughput. Secondly, and even more important, the vacuum in the growth chamber was kept intact for an extended period of time of
several months, in some setups even years. This resulted in a massive increase of 2DEG

100 000 cm2 /V s (about the
2
samples) to 500 000 cm /V s [25].

electron mobilities from around
devices and GaAs-bulk

same as was possible with Si

Similar success was obtained with the introduction of cryo shields cooled with liquid
nitrogen and closed-cycle helium cryopumps, further improving vacuum quality and thus
sample purity.
With sucient pumping capabilities, the ever present problem of outgassing from chamber components had to be solved.

107 cm2 /V s

Surpassing the seminal electron mobility border of

by Pfeier in 1991 can be accustomed mostly to his elaborated bake-out pro-

cedure [26].
On this behalf, the use of highly puried specialized materials became mandatory.
Electropolished stainless steel is acceptable for chamber walls, anges and generally all
parts that are normally not exposed to high temperatures. After a thorough bake-out, the
only residual desorbing from stainless steel is hydrogen. There is a general consensus that
hydrogen does not compromise the MBE growth process or the resulting sample quality.
Components that are subject to intense heating however are of great relevance. The
growth substrate for example has to be brought to around

630◦ C ,

therefore its direct

surroundings have to withstand considerably higher temperatures (as the heating power
is transferred solely by radiation, the temperature of for example the heating coils must
be much higher).

Here, puried tantalum and molybdenum are the preferred choices.

Both metals show low thermal expansion and low outgassing/sublimation rates at high
temperatures, which is why in a modern MBE system all hot components, like the substrate
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manipulation group, heating coils, eusion cells and cell shutters are made from these two
metals.
In addition to system design considerations, there are many other factors with the
potential to inuence the quality of MBE-grown samples: The purity of the source materials
is of course an issue with great impact on the sample quality. However, purity and vacuum
quality alone is not the only parameter the grower has to keep in mind.

While a good

vacuum is a prerequisite whose signicance can hardly be overestimated, questions of
structural design are evenly important.
with record electron mobilities of

As an example, Umansky reported on 2DEGs

13, 24

and

35 · 106 cm2 /V s,

which were all produced

within a narrow period of time using the same MBE setup, the same source materials, the
same growth parameters, diering only in sample structure [3].
In the following sections we will have a closer look on vacuum quality, and at the
more dicult challenges of high quality MBE growth, like selection and handling of source
materials and substrates, in-situ analysis tools and possibilities to monitor and control the
process.

2.3

Vacuum quality

In order to reach and retain the mentioned ultra high vacuum necessary for successful
growth operations, a variety of pumping systems is applied. Table 2.1 details the ranges
dierent vacua are normally classied into.
In order to really understand how important extremely low pressures are, one may
consider that the amount of residual atoms hitting a growth substrate per time interval is
given by

dnr
pr
=√
dt
2πmr kB T
where

kB

is the Boltzmann constant,

pr

(2.1)

the partial pressure,

mr

the atomic mass and

T

the temperature of a given residual gas species. Using the omnipresent nitrogen at a typical
partial pressure of

10−11 mbar

and the substrate temperature during growth (630 °C ) for

an exemplary calculation, one gets a number of

8.5 · 109 N2

molecules impinging on every

square centimeter of the sample surface per second. Given that GaAs contains

4.4 · 1022

15 atoms. This would mean that
atoms per cubic centimeter, a monolayer consists of 1.25·10
at a typical growth rate of one monolayer per second, the crystal would contain

0.001 %

nitrogen. If the substrate would just reside in the chamber, a monolayer of nitrogen would
form roughly every two days!
Going the other way round, to achieve an impurity level below
would have to be reduced below

10−14 mbar

10−8 , the partial pressure

- while a typical UHV-type mass spectrometer

has a practical detection limit two orders of magnitude higher than that.
There are two important points to make: Nitrogen is just one species of residual atoms
in a UHV environment, so the total impurity level in a grown structure is the sum of
every single atomic species' contribution.

Fortunately, this rough calculation estimates

that every residual atom hitting the surface really does stick to it, which is obviously not
true. Sticking coecients for impurity atoms are normally much lower than

100 %

(and

roughly scaling with their atomic mass, which is why in every modern MBE system massive
amounts of hydrogen are present without causing any trouble). However, the (potentially)
harmful levels are still in the range of the mass spectrometer's detection limit, so it is
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pressure

mfp

common methods

Rough vacuum

300 − 1 mbar

10 nm − 100µm

ejector-jet pump

Medium vacuum

1 − 10−3 mbar

0.1 − 100 mm

scroll pump

High vacuum

10−3 − 10−7 mbar

0.1 − 1000 m

10−7 −10−12 mbar

1 − 105 km

< 10−12 mbar

> 105 km

Ultra high vacuum
(UHV)
Extremely high
vacuum (XHV)

10

turbomolecular,
oil diusion pump
cryopump + bakeout
cryopump + bakeout +
patience

Table 2.1: Classication of vacuum ranges. Given are the residual pressures in

mbar

and the mean free

path length (mfp) of a particle in the vacuum. Also the most common pumping methods are listed.

sloppy but correct to say: If you see it, it hurts you. (Which sadly doesn't correspond to
if you don't see it, it is no problem.)
After emphasizing the importance of good vacuum quality, an overview of ways and
means to acquire such a vacuum shall be given.
There is no single pumping device capable of bringing a system from atmospheric
pressure to XHV range.

So every evacuation is a step-by-step process utilizing various

pumping systems and principals. We will concentrate on the equipment used in our Zürich
laboratory, as it is pretty standard for a high-performance ultra-high-quality research MBE
setup.
To begin with, a rough and medium vacuum is normally generated using a special high
quality scroll pump (e.g. the Normetex model 15). Such pumps reach good base pressures,
as low as

2·10−4 mbar.

One has however to make sure that they work completely oil-free, as

any type of grease or sealants containing carbon hydrides are an absolute no-go if one wishes
to produce high quality samples. The reason is that it's virtually impossible to prevent
oil-vapour from diusing through the pumping lines and into the growth chamber. Even
the tiniest pollution may result in a fatal level of carbon incorporated into the structures.
Carbon is the main charged impurity the GaAs/AlAs material system suers from, as will
be detailed later.
Additionally, a set of sorption pumps can be employed. The basic principle is that a
material inside the pump is cooled down, and particles touching the cold surface condensate
and stick to the surface. To improve pumping capabilities, a material with a high surface
area is chosen, e.g. activated charcoal or zeolite. A limit to the pumping capability of a
sorption pump is set by the cooling temperature, as with any other cryo pump. When liquid
nitrogen is used, only such gases can be pumped that have a condensation temperature

77 K . Conveniently, most gases making up our atmosphere
oxygen, argon, CO2 ...) condensate at higher temperatures.

above that of nitrogen,
as

nitrogen

itself,

(such

To improve eectiveness of such a system, usually a set of two or three sorption pumps
is employed, it's components being used sequentially in dierent vacuum ranges: Stage
one from atmospheric pressure to about

1 mbar,

stage two from

1 mbar

to

10−3 mbar

and

stage three from then to base pressure. In this way, it is possible to also pump volatile
gases that cannot be cryotrapped at the temperature of liquid nitrogen: The viscous gas
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ow transports these volatile gases into the sorption pump and upon closing the valve,
they cannot diuse back.
Sorption pump systems are preferably located close to the loadlock of an MBE setup,
as their day-to-day business is evacuating the loadlock after the procedure of unloading/loading growth substrates. However, they are suited to evacuate the growth chamber
as well (e.g. after a maintenance opening), despite the bigger length of the pumping lines.
A pressure of

10−6 mbar

can be reached in a reasonable amount of time.

The technique of condensing vapours on a nitrogen-cooled surface is used in the growth
chamber as well, by the cryo shroud. It consists of a hollow-walled container enclosing the
interior of the growth chamber, featuring openings for substrate transfer, source materials,
measurement equipment and viewports.
Filled with liquid nitrogen from a phase separator, it provides large-scale pumping
to the growth chamber. In an active MBE chamber, the vast majority of residual gases
consists of metallic vapours  gallium, aluminium and arsenic, for which a trap temperature
of

77 K

is sucient.

Therefore, relaying solely on the cryo shroud, a vacuum in the

10−9 mbar

range can

be sustained. An additional advantage of the shroud is, that it provides ecient cooling
of single hot spots in the growth chamber, for example the eusion cells for the source
materials (which will be described in the next section). Typical evaporation temperatures
are around

1000° C

(e.g.

for gallium).

Without the cryoshroud, such a high heat load

would lead to a considerable heat-up of the chamber walls and therefore cause evaporation
of residual gases.
However, to reach the vacuum needed for high quality sample growth  base pressures
well below

10−11 mbar

are a must  nitrogen-driven cryopumps are not enough. So, the

same technique is applied in additional cryopumps, but with helium as process gas. Flooding a charcoal setup with liquid helium is to inecient in terms of cost and infrastructure
requirements.

Therefore, the cooling power is provided by adiabatic expansion of pres-

8K

surized helium gas, yielding temperatures down to

in the coldest stage of the pump.

This is of course not low enough to condensate the lightest gases hydrogen and helium,
but still sucient to act as a cryotrap for these elements.

A cryotrap relays on cooling

down a particle hitting it, thus slowing it down considerably without actually condensing.
Reducing the kinetic (thermal) energy of a particle signicantly prolongs the reevaporation time. With this method it is possible to keep the partial pressures of even the lightest
elements at bay. For example, in our setup the partial pressure of hydrogen molecules is
at

2 · 10−8 mbar

at standard, non-growth conditions.

As in the UHV regime the mean free path lengths of are in the kilometer range, big
openings of the pumps to the chamber are needed. Flange openings of

200 mm are stan400 mm ange

dard, some MBE systems  like the ones in our laboratory  even feature a
for a cryopump of correspondent size.

To reduce the gas load to the cold stage, it is usually encased by a warm stage that
has a temperature of

30

to

40 K ,

thus prolonging the pump's regeneration cycle. High-

end cryopumps do even have a third stage at
trapping even more ecient.

4

to

5 K,

making the hydrogen and helium

But as these two elements do virtually not react with a

(heated!) growth substrate, the impact of this third cooling stage on sample quality is all
but essential.
Technically it's possible to reach pressures below

10−14 mbar

with the technique of cry-

opumping/ cryotrapping, but so far only in a small cavity where all walls and instruments
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[27]. Although such pressures are dreamed of by MBE-operators, as

they would lead to a considerable increase in sample quality [28], the need to have and
keep every part of the chambers' interior at

4.2 K

makes it useless for any but pure storage

applications.
A fundamental limitation of all cryopumps is that their lifetime depends on the size of
the cold surface area. When the surface starts to saturate with condensate, the pumping
speed decreases gradually until it reaches zero. Then, the cryopump needs to be regenerated, i.e. it must be warmed to room temperature or higher while removing the released gas
with another pump. While not dicult, this process takes about a day for big cryopumps,
meanwhile growth operations have to be halted. Therefore cryopumps contain zeolites or
activated charcoal (having an inner surface of up to

2000 m2

per gram) to increase the

surface area and with that the time between regeneration cycles. In general, cryopumps
with a high gas load - for example those evacuating the loadlocks - need to be regenerated
once a year, whereas the pumps directly attached to the growth chambers are virtually
never regenerated (that is, every ve or ten years, during a major overhaul of the whole
setup).

2.4

Source materials

The most important ingredients for a MBEgrown semiconductor structure of high quality
are of course the materials they are made o.

Impurity

concentration

concentration

element

batch 1 (ppb)

batch 2 (ppb)

B

0,3

< 0,2

C

70

170

ve gallium). Impurity levels are measured by

O

80

180

glow discharge mass spectrometry, being one of

F

< 6

< 20

Al

0,4

< 0,1

As shown in table 2.2, the impurity concentra-

Si

0,8

< 0,2

tions for most elements are already below the

Mn

< 0,05

< 0,2

Fe

1,2

3

Unfortunately, any material purity that can

Cl

2

< 0,5

be veried via glow discharge mass spectrom-

Ti

0,05

< 0,07

Cu

2

< 0,6

Ag

< 40

< 50

Therefore a lot of eort (and money) is put
into cleaning these metals to provide the community with materials that have a purity of
up to 7N5 (meaning that e.g.
got contains

99, 999 995 %,

a gallium in-

seven Nines and a

the most powerful and sensitive tools when it
comes to determine a substance's composition.

detection limit, only for carbon and oxygen a
noteworthy amount could be found.

etry (GDMS)  actual purities that are commercially available are 7N5 for gallium, 6N5 for
aluminium and 7N5 for arsenic  is still in sufciently clean for MBE-growth.

Its a dicult

task  to put it carefully  convincing a company to conduct extended and costly cleaning

Table 2.2: Impurity levels in two batches of

7N gallium, measured with GDMS.

procedures that do not yield an improvement
that could be measured (and charged). But even if one talks a company into it, that is no
guarantee for success: A batch of gallium, that was subject to an extra cleaning procedure
and was sold with the label 8N (although not exactly being of 8N quality), produced
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Figure 2.2: Schematic of the zone rening method: Hardly (red) and easily (green) soluble impurities

are equally distributed in the ingot (a). Repeated passes of a molten zone through the ingot separate
the two classes of solubles (c), leading to a puried center piece (d).

disappointing results when it was used in a number of growth campaigns at dierent MBE
laboratories, in Regensburg and Zürich. For the structures which were grown for this thesis, two dierent batches of gallium were used; both of them labelled 7N, both of them
being manufactured under nominally identical conditions (see table 2.2 for impurity concentrations found in both material batches). Results were extraordinary for batch 1, and
outright catastrophic for batch 2. The sample quality  indicated by the low temperature
electron mobility  diered by a factor of

20.

In summary, even the purest of source materials has to be considered dirty when it
is loaded into the growth chamber.
impurity concentration of

1016 cm−3

The use of 7N material would lead to an intrinsic
from the material alone.

A number of approaches have been tried by MBE operators to additionally purify
factory grade MBE material before using it for actual growth. Great eort was put into
handling the ingots, for example only using special PTFE tweezers and exclusively in inert
gas atmospheres. Also, an etching technique has been applied: Prior to loading, the ingot
is thoroughly rinsed with HCl, any acid remnants are removed with methanol and then
the ingot is loaded immediately. Chambers et al. found in 1986 that by this technique, the
carbon level in their structures could be reduced by a full order of magnitude [29]. However,
Chambers reported on a gallium ingot whose surface was contaminated by abrasion from
the polyethylene wrapping the gallium was shipped in. For material not contaminated in
this special way, the benet of the method is arguable (although a surface contamination
can never be excluded, and thus the etching process  if performed carefully  might be
useful).
Greater potential lies in the method of zone rening; partly melting the material to be
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Figure 2.3: Schematic of a standard Knudsen type eusion cell with two heating coils, mounted on a CF
ange. (after [31])

puried under clean conditions and allowing the inherent impurities to accumulate in the
liquid and the solid phase respectively.

If the molten zone is driven repeatedly through

a material ingot, impurities will eventually concentrate in the front and rear end of the
ingot, leaving the middle part at a much higher purity level (gure 2.2). Although this
process is well known since the 1950s (see e.g. [30]), it is not implemented on an industrial
scale, because the  in principle similar  method of melting the material, condensing part
of it, melting the condensed part again et cetera (known as partial solidication) achieves
high purities much more cost-ecient.
Fortunately, there's another cleaning procedure taking place automatically: Most impurities critical to structures in the AlGaAs system have a higher vapour pressure than
the source material itself.

Therefore an automatic self-cleaning takes place in the rst

weeks of every growth campaign: The volatile impurities like carbon and oxygen evaporate
disproportionately fast from a heated material block, leaving the reminder cleaner after
every single growth run. So, as will be detailed in a later section, an increase in structure
quality by a factor of at least four can be expected.

2.5 Eusion cells
To evaporate the source materials and create the clean, lowpressure and homogeneous
beam ux needed to epitaxially grow a semiconductor, a variety of eusion cells are used.
They consist of an array of tungsten heating wires, temperature sensors and a holding
for a crucible, all mounted on a stainless steel ange. The cells are designed to t in the
designated openings in the growth chambers, the cell ports. Note that normally an eusion
cell does not feature a shutter by itself. Shutters  tantalum lids covering the opening of
every eusion cell  are mounted and controlled separately from the cells. However it is
noteworthy that eusion cells and shutters have to be adjusted to each other to provide
unobstructed operation. So, for example, the length of an eusion cell has to be taken into
account, otherwise it might block the shutter movement (and even cause damage to both
components).
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c)

Figure 2.4: Common crucible designs: Lamuire or conical (a), SUMO lipped (b) and SUMO gallium

(c).

In principal, eusion cells come in three dierent designs: Knudsen cells, doping cells
and valved cells.
The rst and most standard type, the Knudsen cell, features one or two heating laments with their own respective temperature sensor to control the applied power. With
the one-lament version being less complicated, the two-lament version provides the possibility to separately heat the front part (the tip) of a crucible. Depending on crucible
design, a number of reective metal sheets may be put onto the tip of the cell.
The doping cells are more elementary constructions.

In the GaAs/AlGaAs material

system, the usual dopants are silicon for n- and carbon for p-doping.

These two come

in the form of silicon monocrystals and graphite blocks; both are mounted on the tip of
their doping cell; then an electrical current is passed through the source material, which,
due to its high resistivity, acts as its own heating lament. Especially for carbon doping
cells quite high currents above

50 A and high temperatures exceeding 2000° C

are involved,

which makes heating and outgassing of the connections an issue.
The third version is the valved eusion cell.

Those components are bigger than the

standard eusion cells (the latter ones rarely contain more than
holding up to

2.5 kg

100 g of material), normally

of the required group V material. The group V elements are required

at considerably higher pressures compared to the group III elements.

Due to this high

material ux, a simple shutter blocking the way into the growth chamber would therefore
not be sucient to retain a good vacuum quality in the growth chamber. Also, heating
and cooling such a big cell takes several hours, and during this time an insuciently closed
cell would contaminate the chamber and waste a lot of material.
With all that was said about purity of the source materials, it is obvious that the
requirement for purity does also extend on the surroundings of the source materials: As
MBE growth requires thermal evaporation of particles, and therefore source temperatures
of several

100° C

(up to

1100 + ° C

in case of aluminium), also the containers and heating

elements have to conform to highest standards.
Source materials are normally held in crucibles made of pyrolytic boron nitride (PBN).
PBN has a number of unbeatable advantages for this kind of application over all other
candidates: It shows remarkable chemical and thermal stability, not decomposing at all at
temperatures of up to

1400° C

in vacuum, is resistant to most common acids or resolvents

and non-wetting to most source materials. Additionally, its high thermal conductivity helps
achieving a stable temperature of the source material and with that a constant growth rate.
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In fact, the only drawback of PBN as crucible material (apart from its relatively high
cost) is that PBN decomposes and evaporates measurable amounts of nitrogen at very high
temperatures. The resistive heating wires of an eusion cell are normally held in place by
PBN bracers, which are consequently exposed to the temperature of the heating wires 
in the range of

2000° C .

Heating up an eusion cell always creates a considerable rise in the growth chamber's
nitrogen level that can easily be observed with a mass spectrometer. Reduced cell temperatures seem to be an obvious answer to this problem, but that would also lead to lower
growth rates  a very limited option in the high quality growth regime, as will be detailed
out in subsection 2.7.
An important factor being decisive for sample quality is the shape of the crucible, more
precisely: The crucible orice. The most widely used types of crucibles are shown in gure
2.4: The simplest and most common design is the conical shaped crucible (Lamuire-type,
gure 2.4 a)). Its wide conical opening ensures a homogeneous material beam prole which
has a profound eect on growing samples: Our growth substrates are
in diameter with the crucible opening being at a distance of about

51 mm (two inches)
13 cm and under an

35° to their surface normal. Thus geometry dictates that layer thicknesses vary by
±10% from the near to the far end of a wafer, even with a perfectly homogeneous

angle of
ca.

molecular beam. As such variations in layer thicknesses massively aect the properties of
a heterostructure, this limitation implies that only a small portion of every grown wafer
can be used to derive reliable experimental results (depending on how tight one sets the
margins, roughly one quarter of the wafer area can be considered homogeneous within
reasonable boundaries).
This connement of course arises from
geometrical

connements

of

the

growth

chamber itself and applies to all crucible
designs.

Fortunately, it can be compen-

sated by constantly rotating the substrate,
as will be detailed in the next section. The
main drawback of the Lamuire crucible opposed to other designs lies in its conical
shape: To keep the liquid source material
inside, mounting a conical crucible downward looking i.e.

in the upper half of

the available cell ports is impossible. Even
in the most favourable position only part
of the theoretical capacity can be used.
Mounted at an angle of
a volume of

40 ccm

57°, a crucible with

has a practical maxi-

mum charge of less than
imately

110 g

20 ccm (or approx-

of gallium).

As said, this limitation counts for all
crucible and MBE-system designs, exclud-

Figure 2.5: Liquid droplets (marked) in the opening

ing systems where all cells are mounted in

of a gallium SUMO crucible.

the bottom of the growth chamber facing a
horizontal substrate, thus allowing for the crucibles to be mounted upright.

While this

geometry is not generally inferior to side-mounting systems, there's an immanent risk of
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contamination (rubbed-o particles) and blocking the cell ports in case of substrates or
substrate blocks falling o of the manipulator (a growers worst case scenario, turning real
in sad regularity).
Apart from that, it is hard to overestimate the drawback of a limited crucible capacity,
because not only would the exclusive use of conical crucibles render the upper half of
the cell ports unsuited for liquid source materials, the wasted capacity is an issue: As a
rough estimation, every additional cubic centimeter of gallium is sucient to expand a
growth campaign by six to eight weeks (as virtually all GaAs/AlGaAs structures contain
more gallium than aluminium, the former is usually the rst to run low and thus force a
chamber opening).
To remedy these drawbacks, the so-called SUMO-crucible was designed (gure 2.4 b)).
The cylindrical geometry and its bottleneck with a small opening (7 mm compared to

25 mm

for conical crucibles) increase the eective volume inside the crucible and enable

a downward looking mounting. Normally, the crucible opening is surrounded by a PBN
plate for additional thermal shielding and easier fastening in the eusion cell.
Additionally, the cylindrical shape provides a constant and generally bigger uid surface
(and with that material ux at a given uid temperature) over a wide range of lling levels
as compared to a conical shape. This allows for a signicantly lower heat load to reach
comparable material beam uxes.
Unfortunately, the much smaller crucible opening proved to be problematic in another
way: As the top part (the tip) of an eusion cell/crucible is not specially heated and
therefore relatively cold under normal circumstances, evaporated material tends to condense in the crucible opening. The resulting liquid droplets can reach considerable sizes,
marked by the yellow arrow in gure 2.5.

If untreated, a number of droplets forms at

any crucible orice, growing in size and nally dropping back into the source material.
Given the small orice of a SUMO crucible, a relevant percentage of the opening area may
therefore be shielded, thus inuencing the material ux reaching the substrate and with
that growth rates and layer thicknesses in an unpredictable way.
The development of these droplets may be prevented by heating the crucible tip. Many
eusion cells feature additional heating coils for that purpose, but this method implicates
a massive cost in sample quality, as will be shown in section 11.2.
As a reaction to these drawbacks, a variation of the SUMO design was developed
(gure 2.4 c)).

Here, the orice was enlarged to reduce the negative eect of droplet

formation while keeping the cylindrical, bottle-necked geometry to still provide usable
material capacity superior to that of a conical crucible.

2.6

Substrate handling

As cleanliness is absolutely crucial for MBE-growth in general, substrate handling is an
essential part of growth operations  even more when hunting for highest quality structures.
Growth substrates are commercially available with a high level of purity and crystal
quality; however, both have to be considered insucient when applying MBE standards.
Normally, the substrates are mounted in an air environment on massive substrate holders
made of puried tantalum (see g. 2.6 c)).
A common mounting mechanism utilizes the strong adhesive force that liquid gallium
exerts on substrate and holder when a thin layer is placed between the two. While this
method leaves the grown sample with a gallium contaminated backside (unfavourable

CHAPTER 2.

GAAS/ALGAAS MBE-GROWTH: PRINCIPLES AND OVERVIEW

18

if further processing requires to mount the sample on an aluminium block, as it is for
example common for AFM or SEM measurements), it has several profound advantages
over e.g. clamping the substrate to the holder:



due to it's high thermal conductivity, liquid gallium provides optimal temperature
distribution over the whole substrate area



the adhesive force is also distributed equally over the whole area, while spring-loaded
clamps exert punctual force, causing strain in the substrate



thoroughly dispersed, the liquid gallium method eliminates air pockets underneath
the substrate, which might cause unacceptable outgassing and even damage the substrate



the glueing method provides a high degree of freedom when substrate size and shape
is concerned (for example, a square piece of wafer is as easily loaded and processed as
e.g. four quarter wafers on one holder to compare dierent manufacturers' substrates)

Of course the use of ultrapure gallium, usually the same batch that is also employed as
source material, is mandatory, as one does not wish to contaminate the growth environment
by the adhesive.
So, after being bonded to the holder and having undergone the necessary bake-out
procedures, the substrate is moved to the heart and center-piece of an MBE setup, the
manipulator, shown in gure 2.6 a) and b). This component provides not only the substrate
heating during growth, it also contains rotational gearings that allow the substrate to be
pivoted, so that it either faces the eusion cells (growth position) or the chamber's main
valve (load/unload position). Additionally the manipulator allows for a constant rotation
of the substrate, to even out the variation in material uxes and thus growth rates, that
come with the mentioned geometrical o-axis arrangement of the eusion cells.

These

features of course come at the cost of unavoidable abrasion from the gearing. It should
however be noted that this problem is negligible: No negative eect of sample quality due
to rotating the substrate has been found so far.
Heating the substrate holder to growth temperature not only produces a considerable
thermal load (in the range of

200 W ,

depending on type and age of the used holder), but

also causes evaporation from the resistive heating wires and their surroundings.

While

it is unlikely that, after years of service, there are still impurities being outgassed from
the manipulator housing the heater assembly, a considerable increase of the nitrogen level
(28 amu in the mass spectrum) in the growth chamber can be observed whenever the
heating is active.
An experimental study about the inuence of manipulator heating was conducted by
Umansky et al., reporting on a comparative analysis of high mobility 2DEGs produced
with dierent manipulator congurations. Using a special substrate holder, he managed to
reduce the heating power needed for growth operations by
in electron mobility by

40 %

[32].

30 %,

which led to an increase

This nding justies the tendency towards smaller

MBE setups working with smaller substrates that require less heating power, especially for
research purposes, where sample output plays a minor role. The leading groups on the eld
of high quality MBE employ setups designed for two-inch substrates, while for industrial
applications far bigger systems are standard by now  substrate diameters of eight inches
or a set of twelve two inch wafers processed simultaneously are common.
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Figure 2.6: a) Full view of a manipulator, removed from the growth chamber during a maintenance period;
note the heavily coated tantalum sheets covering the rotation gears (1), below the manipulator head (2),
and the feedthroughs for the rotation coils (3). b) Close-up of the manipulator head, showing in detail
the bayonet fastener (5) that keeps the substrate holder in place, the thermocouple (6) and the heating
laments (7); on the backside the attached beamux gauge (4) is visible. c) A two-inch GaAs substrate
on a tantalum substrate holder.
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Obviously, a further reduction of thermal load to the manipulator would be highly
desirable. To this end, an optical heating assembly is currently developed in our group.
A high-power semiconductor laser focussed directly on the substrate replaces the resistive
heating. Preliminary results indicate a massive reduction of the thermal load on the heater
assembly and its surroundings, and with that a signicant decrease of the nitrogen level
in the growth chamber has been observed (a reduction of other impurities can also be
expected, but is hard to measure directly).

2.7

In situ parameter analysis

With all that was said about the importance of good vacuum quality, high material purity,
stable growth conditions and precise substrate handling, it is obvious that all precautions
met and eorts taken to full these requirements aren't worth much if there is no way to
measure the parameters  ideally real time, during the growth operation itself  and adapt
them if needed.
Growth rate for example can be set indirectly via eusion cell temperature. But without
frequent recalibration, producing a layer of nite thickness is barely more than a shot in the
dark. Feedback could be acquired with a variety of experimental methods, e.g. by TEM
analysis or to a certain degree via magneto-transport measurements. However, the feedback
loop hereby is in the order of days, and after learning what structural adaptations would
be benecial, the parameters in the setup (and with that the actual adaptations required)
may well have changed already.

An additional drawback is the amount of wasted time:

One would be limited to produce one sample per three days, instead of three samples per
day.
So, the possibility of analysing growth parameters directly in the growth chamber and
ideally real-time is essential for eective and meaningful growth operations. Of course any
applied technique and device has to be suitable for an UHV environment, which limits the
choice.

2.7.1 Pressure gauges
Considering how much room we gave to vacuum considerations in the previous sections,
we will give a short introduction about pressure gauges that can be used in an MBE setup.
First point to make: There is not the device that can be used, as it has to be highly
precise (a detection limit down to

10−12 mbar

is mandatory) on the one hand, but able to

cover the whole range up to atmospheric conditions as well. Operating a helium cryopump
unknowingly at a starting pressure in the

mbar range may very well oversaturate the pump

leading to a potentially fatal warm-up and release of all the residual gas that had condensed
in the pump in its whole lifetime.
Therefore, two or three gauges with overlapping measurement ranges are commonly
used. While simple mechanical manometers are still used for the low vacuum range, compact Pirani gauges are more common by now. A Pirani gauge consists of a tubed heated
lament (made from a metal with high melting point and low thermal evaporation, usually
platinum) whose resistance is continually measured. In a non-perfect vacuum environment,
the lament is slightly cooled by surrounding residual gas, and with that, it's resistance
rises proportional to the density of residual particles. The total pressure is then derived
from the current that is needed to keep the lament's temperature and resistance stable.
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so this method allows for a fast and

reliable measurement of current, and thus pressure.
Normally, this method is applicable in medium vacuum conditions (about

10−4 mbar).

1 mbar

to

For better vacua the cooling eect is to small to be compensated and measured

accurately, whereas higher pressures would increase the thermal loss in a way that replacing
it calls for high currents that can't be measured precisely enough. Additionally, the lament
would heat the surrounding gas signicantly, distorting the measurement.
However,

when a Pirani gauge is oper-

ated in pulsed mode, it can cover the whole
range from atmospheric pressure to

10−4 mbar.

Here, the lament is not held at a certain temperature, but heated cyclically.

The electri-

cal power required for each cycle indicates the
thermal energy loss in the cooldown phase.
From that the thermal conduction and the
pressure of the surrounding atmosphere can be
deduced.
In the high and ultra-high vacuum range
however, dierent types of ionization gauges
are

employed

with

10−3 mbar down to

detection

limits

10−12 mbar.

from

An ioniza-

tion gauge consists of a cathode-anode pair
producing a constant stream of electrons between them.

Any residual gas particle cross-

ing the electrons' path is ionized and drawn to
another anode serving as the ion-collector.
The resulting ion current is directly proportional to the amount of gas particles within
the gauge's volume, and with the ionization

Figure

2.7:

Nude

UHV

ionization

gauge,

mounted on a CF-ange.

probability  calculated from the ionizing electron current  a precise pressure reading can be obtained.
There is a number of ionization gauge models available on the market, diering in
geometry and the method of creating the electron beam (either by heating the cathode
or by applying high DC-voltages). In gure 2.7 a typical UHV ionization gauge is shown.
It is a nude gauge, where the cathode and the anode lament forming a cage around
the detection volume are not shielded by a glass or metal wall.

Such a casing prevents

mechanical damage, but in an UHV environment, it also shields the gauge from residual
atoms in the vacuum, thus distorting the measurement.
An important sensitivity limit of ionization gauges is set by the so-called x-ray limit:
Upon impinging on the anode grid, the electron stream generates x-rays which can hit the
ion-collector. This way, an additional ion current is generated that cannot be distinguished
from the current stemming from ionized residual gas. The x-ray limit can be lowered by
reducing the diameters of ion collector and grid wires and thus the ionization probability,
leading to a x-ray limit in the low

10−12 mbar

regime ([33]). Further improvement can be

obtained, if the ion collector is removed from the anode grid volume. Here, the ion beam
needs to be extracted from the grid volume and directed onto the collector, hence the name
extractor gauge for this type of ionization gauge. An x-ray limit of

< 4 · 10−13 mbar

was
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demonstrated for such a design ([34]).
While there are many other vacuum-meters around, the combination of Pirani and
ionization gauge are generally seen as best choice: Real-time, compact and suited for UHV.
A drawback of this technique is however, that the pressure reading depends on the species
of residual gas, as all elements and compounds have individual ionization probabilities.
Therefore, identical pressures lead to dierent values, depending on the gas analysed and
the calibration that is used.
Additionally, as mentioned, total pressure in a MBE growth chamber is only part of the
information needed to ensure high crystal quality. A relatively high background pressure
made up purely of hydrogen or arsenic is totally uncritical, while even a low partial pressure
of oxygen or carbon can be fatal. Therefore it is crucial to nd out not only how much
residual gas is left in the chamber, but also what chemical species is present.

2.7.2 Mass spectroscopy
Mass spectrometry has a long and venerable history not only in physics, but through all
natural sciences. The concept was developed in 1897 by J. J. Thompson and experimentally
realized over 20 years later by A. J. Dempster. Since then its capability to determine the
relative portion and exact atomic mass of every single isotope in a gaseous sample has
been of priceless benet in the elds of chemistry, biology, climatology, archaeology and of
course in particle and solid-state physics.
In a mass spectrometer, a gaseous sample gets ionized. The ions are then accelerated
by an electrical eld and split up according to their respective masses. In most cases, a
magnetic or electrical eld exerts a Lorentz force on the ionized atoms. As the ions have
the same kinetic energy due to a constant accelerating E-eld, their velocity and dwell-time
in the diverting eld depends solely on their mass-to-charge ratio

m/q .

Another separation technique simply uses the dierent velocities  the ion-beam is fed
into an evacuated tube and the mass information is gained via the travel time through
that tube (time-of-ight mass spectrometer).
After the individual species are separated spatially or longitudinally, they impinge on a
detection unit. The detector can be a simple device like a phosphorous screen, or for highly
demanding applications a Faraday cup or a microchannel plate, often complemented by an
electron or photo multiplier.
The performance parameters of a mass spectrometer, like mass resolution, accuracy,
measurement range and down time depend strongly on type and parameters of the components used.
In an MBE growth chamber, where accuracy and sensitivity are key, quadrupole mass
analysers are used. The selection unit consists of four metal rods in a square array. Opposing pairs of rods are electrically connected and between those two opposing pairs a
combination of a DC voltage and an RF AC voltage is applied. The trajectory of passing
ions is inuenced by the quadrupole eld, described by the Mathieu dierential equation.
They follow a sinus-shaped path along the length-axis between the four rods, and only ions
with a specic mass-to-charge ratio can pass through the whole length of the quadrupole.
Any ion with a dierent

m/q

has an unstable trajectory and collides with a rod or leaves

the quadrupole eld entirely (gure 2.8).
A drawback of this method is that only one ion-mass can be measured at a time, and
analysing a whole spectrum requires ramping the quadrupole voltages ratio, leading to a
slow repetition rate of the measurement. On the other hand, this allows for very sensitive
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Figure 2.8: Schematic of a quadrupole mass analyser unit. A quadrupole eld created by the four rods
(grey) forces incoming ions with the right mass and charge on a stable sinus-shaped path (blue), while all
other ions are driven out of the unit (red).

operation. Combined with an electron multiplier, such a system can detect partial pressures
down to

10−14 mbar.

Unfortunately, this is but a theoretical value, as such high precision would require
extremely long integration times, in the order of one day per full spectrum recorded.
This means that for example a leakage compromising the UHV might go unnoticed for
several hours, signicantly cutting the time for any form of damage control. Also it has
to be considered that electron multipliers wear o, and keeping the top sensitivity of a
multiplier-supported mass spectrometer would require rather frequent replacement.
The mass spectrometer is still a valuable tool for the MBE grower as it allows to
constantly look out for suspicious results. A simple, but not unknown example: A small
but persistent partial pressure (p.p.) peak at an atomic mass 32 after a chamber opening
indicates a small, but potentially fatal air leakage in a recently closed ange. Tightening (or
even remounting) one ange after the other and observing the 32-peak normally solves the
problem quickly. The alternative would be starting the growth campaign and wondering
about bad sample quality for months.

2.7.3 Temperature measurement
As much as the need for good vacuum quality requires vacuum measurement equipment,
the wide operation temperature range of the dierent MBE components asks for an array
of temperature readings.

Performing such readings with an appropriate device can be

rather straightforward and simple  for bake-out our material source temperatures  but
can also make high demands on the design engineer/MBE operator. Prominent example
is the temperature determination on a growth substrate, where one cannot simply reach
into the growth chamber and press a thermometer against the wafer (see sections 2.7.4 and
2.7.5).
Before we cover the problem of measuring the temperature of a growth substrate without touching or even coming near to it, we'll quickly skip over the other points of a modern
MBE setup where temperature readings are required. Those are numerous: Basically ev-
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ery place where heating or cooling power is fed into the setup, a temperature monitor is
required.
For the low temperature range, resistance thermometers are usually employed. They
are based on the electrical resistance of a metal lament (platinum is commonly used),
which is temperature dependent. In good approximation, this dependence is nearly linear
(with the mean temperature coecient

α0 = 3, 851 · 10−3 °C −1 ),

and basically all that is

needed to get a precise reading is a resistance measurement and a good thermal bonding
of the sensor to the device.
A typical sensor, the Pt-1000 (Pt refers to the lament material, platinum, and 1000
to the resistance in

Ω

at

0° C ),

covers a temperature range from

50 K

up to

800 K .

All

that is required is a calibration, which can be approximated by



RT = R0 · 1 + 3.91 · 10−3 K −1 · T − 5.78 · 10−7 K −2 · T 2 − 4.18 · 10−12 K −4 · T 3 (T − 100)
where

RT

is the actual resistance.

Advantageous is that such a resistance thermometer is very small and requires (due to
high

R0 )

low measurement current; thus the measuring fault due to thermal capacity of

the sensor and electrical heating by the sensor is small. For low and medium temperatures,
resistance thermometers are well suited and commonly used for cold environments in an
MBE setup  for example for monitoring the chamber shroud and its supply of liquid
nitrogen.
Some applications, in particular the monitoring of helium cryopumps, require measurement capabilities in the very low temperature range

< 50 K .

For this purpose, silicon

diodes are used in our cryo pumps. These small scale devices cover a measurement range
from

1.4 K

to

500 K

and, due to their low heat dissipation do not cut away from the

already very limited cooling power of a closed-cycle He cryopump.
For high temperatures however, another solution had to be found. An eusion cell can
easily reach above

1000 °C , and a reliable method is needed for the whole range from room

temperature (during a chamber opening) to extremely high bake-out temperatures (up to

1600 °C ).

Platinum resistance thermometers are unsuitable due to platinum's relatively

low melting point (1770 °C ).
Here, thermocouples are employed. Those consist of two wires made of dierent metals

that are connected at one end (forming the actual sensor).

Temperature information is

gained utilizing the Seebeck-eect: In an electrical circuit consisting of two dierent materials A and B, an electrical voltage arises, if the two junctions between the two materials
are at dierent temperatures, according to

ˆ

T2

(SA (T ) − SB (T )) dT

U=
T1
where

T1 and T2 are the temperatures of the junctions and SA and SB

the (temperature-

dependent) Seebeck-coecients of the materials A and B. One of these two junctions is now
mounted in the UHV environment (e.g. attached to the crucible of an eusion cell), while
the other one is located in the display unit, leaving the necessity for only two wires to be
fed through an UHV ange (gure 2.9 a)). Depending on the materials used, thermocouples cover wide temperature ranges. Most usual are type K thermocouples (consisting of
nickel-chromium and nickel) for temperatures up to

1100 °C

and type R and S, employing

platinum-rhenium and pure platinum, which can be used for temperatures up to

1700 °C .
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b)

Figure 2.9: a) Schematic drawing of a thermocouple setup: Two thermocouples, consisting of dierent
metals A and B, their junctions located at the measurement point (1) and at a reference point (2),
normally inside the display unit, at room temperature. (b) Temperature sensors (from left to right): A
thermocouple with a twisted and welded bond, a wire-wound and a more compact thin lm platinum
resistance thermometer (both jacketed in ceramics), a silicon diode thermometer. For scale: the thin lm
2
platinum resistance measures 1.4 · 5.1 mm .

For temperature monitoring of the eusion cells, type C is used (tungsten-rhenium alloys
with dierent rhenium-content), which is suitable for even higher temperatures of up to

2320 °C .
(Note that despite platinum is used for thermocouples and resistance thermometers
likewise, the former consist of rather massive wires instead of a thin layer encapsulated in
ceramics and are therefore much more resilient when it comes to thermal expansion).
In summary, both described methods are well suited for application in an MBE setup:
Compact, resilient and reliable.

While the precision in terms of absolute temperature

depends on the calibration and usually has an uncertainty of one Kelvin or more depending
on the operation temperature, the reproducibility of a measurement is much better. This
is the decisive factor, as for example, when an eusion cell is to be heated to
provide a given material ux, it is of no importance if the

real

temperature is

902 °C . Important is that this temperature (and with that material ux) that
 900 °C  can be reached and held exactly. The quick response to temperature

900 °C
899 °C

to
or

is labelled
changes is

another advantage, as is allows for fast and ecient control of heating power.

2.7.4 Pyrometry
Unfortunately, resistance thermometers as well as thermocouples are touching methods and
therefore not suited for controlling the temperature of a growth substrate. The substrate
heater unit contains a thermocouple, but this measurement is massively inuenced by the
heating laments and does read only the temperature of the substrate holder's backside
rather than measuring the growth substrate.
The substrate holders consist of massive tantalum, and over the years a variety of
designs have been introduced and are in use for growth operations.

Heat dissipation

of and transport through the holder material varies for dierent holders:
substrate temperature, variations of more than

100° C

For a given

depending on the substrate holder
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Colour-coded are the lines for the radiation

spectrum of the sun (orange), for a body at room temperature (blue), and for temperatures enclosing the
◦
◦
range for GaAs-growth, from 230 C to 630 C (green). The red areas mark wavelength bands that are
used for pyrometric analysis in the high (left) and low (right) temperature range.

are common. So, there is a need to determine the substrate temperature directly. It must
be done without cutting o the material ux, i.e. the path between substrate and eusion
cells. The substrate temperature has to be controlled during an ongoing growth run, for
example to adapt the substrate heating to the heat contribution of an opened eusion cell.
Operating a cell shutter may change the substrate temperature by more than
normal level of

600° C

(in low-temperature condition around

200° C

5° C

at a

the eect is much more

dramatic and can easily exceed 10 %).
So, a real-time, non-touching, non-interfering measurement method is needed, and for
that, pyrometry lends itself.

This concept is based on Planck's law, which says that a

body with a given temperature

T

emits electromagnetic radiation in a specic spectrum

according to

2πhc2
Mλ (λ, T )dλ =
λ5
where


−1
hc
λkB T
e
−1
dλ

Mλ (λ, T )dλ is the radiation power density in the waveband between λ and λ+dλ.

In gure 2.10, a number of typical, temperature-dependent spectra are shown.
It is easy to see that the radiation intensity measured for a specic wavelength (range)
denes the temperature of a measured black body. Figure 2.10 displays the temperature
range where GaAs/AlGaAs MBE is conducted (area between green lines) and also marks
two wavelength bands (red areas) used for analysis. These have to be attuned to the desired
growth temperature to ensure a suciently large signal for a reliable measurement. For
the high temperature range (400 °C to

1300 °C ),

we use a pyrometer type Ircon-2000 with
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0.7 µm

and

1.0 µm.

For low temperatures (100 °C to

use an Impac-120, which has a measurement range between

2.0 µm

and

700 °C ),
2.8 µm.
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we

This fast, real-time and maintenance-free method has its drawbacks, however. First of
all, a growth substrate is not a black (not even a grey) body. So, the measurement has to
be calibrated with the substrate's (wavelength-dependent) emissivity

ε, which also depends
ε

on the substrate's thickness and even volume doping level (if present). Normally, a xed

is approximated, that ts best the used wavelengths and substrate types. As an example,
such a temperature measurement delivers signicant dierences for semi-insulating and n-

20° C , and requires a proper calibration.
Oxide desorption from a GaAs surface can be used as calibration point. It occurs at 580 °C
18 cm−3 ) GaAs substrates in the order of

doped (10

and can be determined e.g. with reection high energy electron diraction (RHEED)  a
standard tool in MBE growth control, see section 2.7.6.
Additionally, as the pyrometer is reasonably located outside the growth chamber, the
measurement requires a view-port. A viewport in the growth chamber is constantly exposed
to a low-pressure As-atmosphere and thus accumulates material, which in turn reduces the
transmittance of the port, gradually distorting the measurement.
Also, there are other sources of radiation energy that may contribute to the measured
intensity: Thermal radiation emanating from the eusion cells may be reected into the
pyrometer via the substrate surface or the polished chamber walls.
Despite these problems and uncertainties, pyrometry is used for temperature determination on a daily basis  basically if one wants to ensure that the sample grown at one day
has the same temperature as the one produced the day before.

2.7.5 Band edge spectrometry
More precisely and reproducible, even over long periods of time, is the temperature measurement with band edge spectrometry (BES). This method uses the temperature-dependence
of a semiconductor's band gap. It is realised by focussing an intense beam of white light
onto the substrate.

Part of the light penetrates the wafer and is reected at its rough

(and metallic) backside. After leaving the substrate, the reected light is detected in the
spectrometer.
As the white light passes twice through the substrate, any photons with high enough energy to exceed the substrate's band gap will be absorbed. This leaves only the wavelengths
for which the substrate is transparent. The detected spectrum will therefore show a sharp
absorption edge corresponding to the substrate's band gap and therefore temperature.
The total intensity of the reected light is uncritical with this method, and can be
adjusted at will by intensifying the incoming beam of white light. Also, reected radiation
or contributions from the substrate holder can be eliminated by subtracting a dark background spectrum from the actual measurement. The accuracy of such a commercial BES
is in the range of

±2 °C

with reproducibility value of

< 0.5 °C , superior to the performance

of a pyrometer.
Of course, there is no system without any drawback.

First, and admittedly least

important to the MBE grower, is that a BES temperature measurement has a delay of
several seconds, until a high enough number of spectra are recorded and interpreted.
Second, taking into account the NIR background is necessary to obtain reliable results,
and this background changes frequently, for example when an additional eusion cell is
heated or when the substrate heating power is changed. Due to that restriction, a BES
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Figure 2.11: Temperature-dependence of the absorption band edge of a GaAs substrate (colour-coded),
measured with BES. (Taken with permission from [35].)

measurement takes something in the range of a minute. For such a short period of time,
the setup can be expected to be in a stable state.
Third, and most important: BES has its problems in the low as well as in the high
temperature range. As intense white light is directed onto the substrate with the aim to
let part of it be absorbed, the light source heats the substrate considerably in the low temperature range below

300 °C

([36]). For temperatures above

600 °C ,

this problem becomes

irrelevant, but the diculty here is that BES requires a calibration le to accommodate
for dierent substrate materials, dopings and thicknesses. These calibration les are simply not available for temperatures above

600 °C ,

and for higher values one has to rely on

extrapolations.
Apart from the absence of proper calibration data, measurements in the high temperatureregime become increasingly dicult, as the increasing amount of free carriers in the substrate smears the band-edge, making it harder to exactly determine it's wavelength.
BES can also be used to determine the thickness of an epitaxial layer, provided that
it consists of a material dierent from the substrate's (e.g.

an

Alx Gax−1 As

layer on a

GaAs substrate). As tempting and accurate this application presents itself (manufacturers
specify the relative error as

≤ 1 %),

it is of limited use to the MBE grower (especially for

research in the eld of 2DEGs). The minimal thickness such a layer has to have is

1 µm,

which is already very thick for an MBE-grown layer (a typical epitaxial layer stack forming
a high-mobility HEMT consists of several hundred layers and measures two to three
in total).

µm
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a)

b)
Figure 2.12:

a) Schematic drawing of a RHEED setup.

Not mentioned in the text are the magnetic

deection coils that allow to adjust and focus the electron beam.

The detector unit is usually realized

with a phosphor screen and an attached CCD camera (outside the vacuum) for data analysis/storage. b)
Ewald construction.

2.7.6 Reection high-energy electron diraction
While pressure gauges, residual gas analysers (such as mass spectrometers) and temperature measurement equipment are essential to ensure the prerequisites and growth conditions
for MBE operations are met, reection high-energy electron diraction is a powerful tool
to investigate and control the actual process of epitaxial growth. In other words, RHEED
allows the grower to observe in real-time what kind of crystal his setup produces.
A RHEED system consists of an electron gun that directs a beam of high-energy electrons under a shallow angle

θ < 5°

onto the sample (growth substrate) to be investigated.

From there, the electrons are diracted and for a small number of discrete emergent angles, constructive interference occurs. By an appropriately placed detector, a characteristic
pattern of bright areas (constructive interference) in a dark background (destructive interference) can be observed (see gure 2.12 a)).
The key feature of RHEED is that due to the small angle of incidence only a small
number of monolayers at the top of a substrate are involved in the diraction process:
RHEED is a technique suited perfectly to analyse surfaces, and MBE growth is a technique
that literally stacks individual surfaces onto each other.
The angles under which constructive interference appears depend on the electrons'
wavelength (energy) and the crystal structure and atomic spacing of the substrate investigated. With known incidence angle and distance between detector and substrate, they
can be determined from the spatial distribution of bright spots on the screen.
An Ewald construction is used to gain those informations. In reciprocal space, a crystal
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lattice forms a three-dimensional lattice with a specic distribution of points. Constructive
interference now only occurs at certain angles, corresponding to discrete momentum vectors

~ki

with dierent orientation, but equal length of the initial (reected from the substrate)

wave vector

~k0 = 2π/λ,

where

λ

is the electrons' wavelength: The points of (potential)

constructive interference all reside on a spherical surface in reciprocal space, the Ewald
sphere, and their existence is limited to the reciprocal lattice (so: constructive interference
is observed when a reciprocal point lies on the Ewald sphere).
For a two-dimensional situation (as RHEED analyses only the 2D surface of a substrate), these points become an array of parallel lines of innite length. So, circular patterns of bright spots (Ewald sphere crosses the reciprocal lines), the Laue circles, appear
on the detector (gure 2.12 b)).

Depending on detector size and distance, several Laue

circles (each one corresponding to an order of interference) can be displayed.
As mentioned the specic RHEED patterns allow to determine principal crystal parameters of the substrate, such as crystal structure and spacing between atomic layers. As
valuable as this capability is for material science, in the eld of MBE growth type and
components of the substrate are well known.
However, RHEED is still a very powerful tool, as it not only provides information about
the crystal structure of a substrate, but also allows to analyse the surface morphology,
even during deposition of thin lms. In fact it was by the use of RHEED that Alfred Cho
managed in 1969 to provide evidence that the technique of MBE is capable to produce
very thin, atomically smooth layers ([1, 22]). This nding marked the birth of MBE as an
invaluable method to produce very thin lms of ultrahigh quality and uniformity.
The described RHEED pattern that is also shown in gure 2.13 a) applies only to
idealized conditions: A perfectly at surface and a sharp energy distribution of the electron
beam. Practically, the RHEED electrons have a nite, Gaussian energy distribution, which
leads to an Ewald sphere shell of a nite thickness  the pattern changes to an array of
streaks instead of points.

Such a streaky pattern indicates a smooth substrate surface

under practical conditions (gure 2.13 b)). If however, the surface isn't perfectly smooth,
the reciprocal lattice rods broaden as well, leading in turn to a broadening of the streaks,
as shown in gure 2.13 c).

This indicates that the substrate contains several small and

smooth areas, an example being a stacked arrangement of atomically smooth terraces (as
it is common for high quality MBE growth).
So, the RHEED pattern changes characteristically depending on dimension and type
of surface roughness.

Figure 2.13 d) shows a spotty pattern consisting of a broadened

spot array that indicates the presence of three-dimensional features (like droplets, clusters,
asperities etc.).
A polycrystalline surface would yield a pattern of bright segments corresponding to
the Laue circles, while an amorphous structure would result in a diuse diraction pattern
(gure 2.13 e)).
The latter is of special meaning for GaAs growth, as the substrates are coated with
an amorphous As-oxide layer (to protect the substrate itself ), whose desorption can be
observed with RHEED. The desorption temperature is well known (580 °C ), so the event
can be used to calibrate temperature measurement devices like the above mentioned pyrometers.
The by far greatest practical use of a RHEED setup is the determination of growth rates.
The method is based on the simple fact that the brightness of a spot in the RHEED pattern
depends in general on the smoothness of the substrate, i.e. the eciency of constructive
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interference in the area of the impinging electron beam.
When recording such an intensity reading, upon opening a material source, one observes intensity oscillations as shown in gure 2.14 a) and b): Assuming we start with a
perfectly smooth surface; upon opening a material source, single atoms reach the surface
and are incorporated into the crystal structure. Due to the low ux, a speckled surface
consisting of small islands on top of the initial surface develops; with every new atom the
relative roughness of the surface increases, hence, the intensity of the diracted electron
beam decreases. Obviously, the maximum value for this relative roughness is reached when
a number of atoms has impinged and statistically distributed on the substrate that corresponds exactly to half a monolayer. By adding further material, the gaps between atoms
ll up, creating larger and larger atomically smooth areas  a new monolayer develops.
When this process is nished, e.g.

after one monolayer is grown, the RHEED intensity

is back to a maximum and the process starts all over again.

The time needed for one

oscillation period corresponds exactly to the growth time needed for one full monolayer.
A proper set of parameters (respective III/V material uxes, substrate temperature)
provided, numerous oscillations can be observed and used to obtain a precise growth rate
calibration (see gure 2.14 c)).
The only drawback of the method is that the growth rate can only be determined
before an actual growth run begins (and, if necessary, after the run is nished to check on
possible variations). Hence, the grower can only hope that his eusion cell conguration
(temperature reading&control, material lling level and so on) was stable when the RHEED
calibration was performed and remains constant for the next two to four hours, while the
desired structure is produced.
It is indeed possible to continue a RHEED calibration during a (full) growth run, to
get real-time data, but this approach is impractical for several reasons:



The measurement requires to expose the phosphor screen to a growth-condition arsenic atmosphere.

As the screen normally cannot be heated, literally every grown

sample would result in thicker and thicker arsenic layers covering the screen; and a
few months into a growth campaign the screen would be opaque and useless.



When calibrating growth rates, it is desirable to reduce the mobility of impinging
atoms on the surface, such that between completed monolayers maximal roughness
occurs.

Substrate temperatures of

560° C

to

570° C are usual for GaAs/AlGaAs
620° C to 660° C . At this temper-

calibration, while high quality growth requires

ature range, the surface morphology has changed substantially: Instead of islands
that develop, grow and nally join to a new monolayer, a set of terraces develops.
New atoms are attached to the edges of the terraces, resulting in a number of steps
wandering across the substrate.

The total roughness (and thus reectivity) stays

constant (see for example [37]). So, for the price of observing the growth rate, one
would voluntarily sacrice crystal quality.



RHEED calibration is performed on a small square substrate with ca.

4 mm

edge

length, located in the center of a substrate holder. This ensures the reproducibility
of the measurement, as the angular orientation of a RHEED setup changes slightly
from holder to holder and even from day to day. The small substrate ensures that the
growth rate is always determined for the center of a wafer. Calibrating directly on
the growth substrate is possible, but the measurement location is not determinable
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e)

Figure 2.13: Dierent RHEED patterns. a): (Nearly) perfect surface, sharp dots on an arc (corresponding
to a Laue circle). b) Dots are deformed to streaks (nite width of the Ewald sphere). c) Broadened streaks
due to broadening of the reciprocal lattice rods. d) Spotty pattern indicating three-dimensional features
on the surface. e) Diuse electron scattering through an amorphous surface.

b)

a)

c)

Figure 2.14: Growth rate calibration with RHEED. a) Single atoms imping on an atomically at surface
(1), steadily increasing its roughness (2), until half a monolayers worth of atoms is distributed randomly
over the surface (3); with more atoms, the next monolayer nears completion, reducing the roughness (4),
until it is completed, resulting in a smooth surface again (5). b) Oscillatory behaviour of signal intensity
corresponding to the steps in a). c) Original RHEED data from a calibration. The equal spacing between
oscillation maxima corresponds to the time needed to produce a single monolayer of

GaAs

(as indicated).

AlAs, AlGaAs

and
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(breeding large errors, as for geometrical reasons, the material ux varies signicantly
from one end of a substrate to the other).



Finally, one should note that a RHEED gun launches a beam of high-energy electrons on the crystal surface, which may very easily cause damage to the crystal 
unfavourable for the growth of very thin layers, where homogeneity and the absence
of defects is crucial.

However, it remains that RHEED is an essential tool in the arsenal of the MBE grower. It
is fast, easy to use, reliable and  proper stability of material uxes provided  yields vital
information about the substrate's surface and growth rate calibrations with unmatched
precision.

2.7.7 X-ray diractometry
An alternative to the RHEED system, that can also be implemented into a MBE chamber, is an X-ray diractometry (XRD) setup.

For XRD, the substrate is mounted on a

goniometer and irradiated with x-rays of known wavelength (one to three

Å).

Analysing

the angular dependence of Bragg diraction for the dierent layers in the substrate, vital
information can be gained, as for example the tipping of a grown layer with respect to
the substrate, the lattice spacings, and the total thickness of a (stack of ) layer(s). From
the thickness information the growth rate can be calculated, as the time needed to grow a
specic layer is known.
Some MBE setups feature a built-in XRD system in a separate UHV chamber to provide
this analysis capability immediately after a growth run is nished. While this is no realtime measurement, it allows a statement about what the growth rates actually were during
the run, other than making a prediction with no means of checking them afterwards (like
the RHEED system does).
However, the technique has its drawbacks as well. One is that it's precision for very thin
layers, below ten monolayers, is not as high as that of a RHEED calibration, and that it
requires a superlattice of e.g. GaAs and AlAs or AlGaAs to determine the average thickness
of the respective layers (and from that the growth rates).

While such a superlattice is

normally part of every growth run  serving the purpose of smoothing the substrate surface
that is supplied in a relatively rough state by the manufacturer  the problem is that:
a) XRD provides an average layer thickness and growth rate, so short-time uctuations
and even a repeated gradual change during the superlattice growth cannot be seen easily.
b) The analysis extends only to the superlattice, so one might argue that XRD just
delivers growth rates during the superlattice, and for following layers, the grower has to
hope for ux stability (equivalent to RHEED).
c) As mentioned, XRD yields mean values for an extended period of growth time
(>

10 min),

and their meaning for a thin layer that takes a few seconds to grow and is

produced an hour later is arguable.
d) XRD's capability to determine the lattice spacing allows to specify the composition of a ternary semiconductor. A good example would be

Inx Gax−1 As.

As the lattice

x
Alx Ga1−x As however is a completely dierent story.
The lattice constants of GaAs and Al0.3 Ga0.7 As (a common composition) diers by merely
0.05 %. So, determining whether a given composition contains 29 % or 31 % aluminium is
constants of GaAs and InAs dier signicantly, one can calculate the indium content
of a layer from its lattice constant.
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an easy task with RHEED, but extremely challenging for XRD.
Despite all these drawbacks that prevent in-situ XRD from being a standard MBE
component, the method has its values.

As we will detail in a later section, an XRD

investigation of several structures produced in our lab in Regensburg led to the conclusion
that growth rates obtained by RHEED were systematically higher (by more than

10 %)

than those really occurring during growth operations. After conrming these ndings, we
adjusted our proceedings and were able to eradicate this massive error. Detailed results of
this XRD study along with an in-depth coverage of principle and theoretical background
can be found in [38].
While XRD isn't necessarily a built-in feature, it is denitely a valuable tool, that must
not be disregarded by the thorough MBE grower.
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b)

a)
Figure 3.1:
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c)

Schematic band structure of

GaAs

(a) and

AlAs

(b).

(c) band gap energies and lattice

constants for common III-V semiconductor material systems (from [40]).

3.1

The GaAs/AlAs material system

Gallium arsenide (GaAs)/aluminium arsenide (AlAs) is one of the most used and best
understood material systems in semiconductor physics. Together with silicon it is the most
signicant semiconductor, having numerous applications in communications (satellite and
cell phones), in HF- and Laser-technology as well as in high-eciency photovoltaics. Even
some GaAs-based supercomputers were constructed (e.g. [39]).
Gallium arsenide is a III/V binary semiconductor consisting of gallium and arsenic,
crystallizing in a face-centered cubic lattice (zincblende structure).
position

(0, 0, 0))

is accompanied by an arsenic atom at

a0 ·

1 1 1
4, 4, 4

 Each

with

Ga atom (at

a0

being the

lattice constant. Every gallium atom is surrounded by four arsenic atoms and vice versa;
thus follows the space group

F 4̄3m.

The electronic states of the bandstructure of GaAs can be associated with the electron
orbitals of Ga and As. From the respective electron conguration (gallium

[Ar]3d10 4s2 4p1

10 2 3
and arsenic [Ar]3d 4s 4p ) it can be derived that the conduction band of GaAs is mainly
formed by the gallium 4s-states, while the valence band consists of arsenic 4p-states. Thus
follows a p-type, sixfold degenerated valence band, consisting of two heavy-hole and two
light-hole bands plus a twofold degenerated split-o band. The conduction band is only
degenerated by the electron spin, leading to the band structure of GaAs, which is shown
in gure 3.1 a). In principal the same is true for the second component of the material
system, AlAs, with aluminium having the electron conguration

[N e]3s2 3p1 .

(See gure

3.1 b) for the respective band structure.)
The biggest advantage of the GaAs/AlAs system is that it's components are easily
combined with each other due to their identical crystal structure and very similar lattice

5.6611 for AlAs respectively  a variation of less than
0.2%. The ternary form Alx Ga1−x As (where a fraction x of all Ga atoms are replaced with
constant

a0 : 5.6533

for GaAs and

Al atoms) has a lattice constant in between.
This allows for stacking almost any combination of dierent layers, creating a huge
variety of semiconductor structures without suering strain or lattice mismatches.
Also, both materials have a signicantly dierent minimal band gap energy (GaAs:

1.519 eV

and AlAs:

2.281 eV ,

at low temperatures

< 4 K ).

For GaAs, the highest energy

state of the valence band and the lowest state of the conduction band are both found at the

Γ-point,

meaning that pure GaAs has a direct band gap. When increasing the aluminium

content in

Alx Ga1−x As,

a raising

Γ-energy

and decreasing

X -energy

is found. Above an
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[nm]

GaAs

AlAs

Alx Gax−1 As

0,5653

0,5661

0, 5653 + 0, 0008 · x
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Al0.25 Ga0.75 As
0,5655

2

EΓ

[eV]

1,519

3,356

1, 519 + 1, 155 · x + 0, 37 · x

EX

[eV]

1,981

2,281

1, 981 + 0, 124 · x + 0, 144 · x2

2,013

mΓe [me ]

0,067

0,15

0, 067 + 0, 0083 · x

0,088

mX
e [me ]

1,831

0,85

0,76

0, 85 − 0, 14 · x

0,82

m*

Hh [me ]

0,50

0,75

0, 50 + 0, 25 · x

0,56

m*Lh [me ]

0,08

0,16

0, 08 + 0, 08 · x

0,10

Alx Ga1−x As at low temperatures. The values for
x = 0.25, being the usual value for most applications are also noted. a0 is the lattice constant, EΓ and
EX are the minimal gap energies for the Γ- and the X -valley (at low temperatures); m denotes eective
Γ
X
masses for electrons in the Γ-valley (me ) and the X -valley (me ); Hh stands for heavy holes and Lh for

Table 3.1: Material parameters for GaAs, AlAs and

light holes. (From [40, 41, 42] )

x-value of about

0.42, Alx Ga1−x As

has an indirect band gap.

Together with the matching lattice constant, the dierent band gap energies (which
can easily be tuned by adjusting

x)

make the GaAs/AlAs material system a powerful con-

struction kit to engineer bandstructures, thus creating conductive channels and forbidden
areas/tunnel barriers, for a wide range of applications:



simple (stacked) pn-junctions like solar cells and detectors:

GaAs-based photo-

voltaic cells are superior to any other design implementing only one material. Multilayered GaAs solar cells that are commercially available recently surpassed

30%

ef-

ciency, making them the best choice power supplies for space technology (although
the cost surpasses that of Si-based solar cells by several orders of magnitude). Due
to it's high intrinsic electron mobility, GaAs-devices can handle much higher radiation energies (thereby currents) than other materials, which is why they can be used
for X-ray detection.

Also, stacked layers of GaAs/AlGaAs can be combined to a

quantum-well infrared photodetector, forming highly eective infrared detectors.



GaAs is also an important base material (combined with indium and phosphorus
as additional III- and V-elements), used for high-brightness LEDs from infrared to
green. Laser-diodes (including quantum-well lasers and quantum cascade lasers) are
mass-produced in the red and near infrared spectrum (the most common application
surely being the red laser diodes used in CD-/DVD-drives). Also, the rst laser-diode
ever was a GaAs-diode [43].



For high-frequency applications, GaAs is a widely used material as well; gunn diodes
with oscillator frequencies of

200 GHz

are available. The high electron mobility and

it's comparably large band gap (rendering the device less sensitive to heat) allows for
GaAs transistors to function at frequencies of

250 GHz .

Therefore such transistors

are used for processors in a wide range of applications where performance per size
and power consumption is more important than production cost. Common examples
for

GaAs-based

processing are e.g.

cell phones, space technology, microwave and

millimeter wave integrated circuits and high frequency radar systems. (However, the
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relatively low hole mobility of GaAs inhibits it's use for CMOS-logic, forcing the
implementation of older, less ecient processor architectures.)



electron/hole systems in reduced dimensions  namely two-dimensional electron gases
(2DEGs)  which are a workhorse of modern semiconductor physics. Quantum point
contacts, which can be dened by shaped metal gates on top of a 2DEG structure are
one prominent example. Also, GaAs/AlGaAs-based 2DEGs have proved to be the
best vessel for investigations on the (Fractional) Quantum Hall Eect (QHE/FQHE),
especially the

ν = 5/2-state,

which is believed to be the key to realize topological

quantum computing (e.g.[44]).

3.2

Two-dimensional electron gases

A 2DEG is easiest created by combining two semiconductor layers with dierent band gap
energies  e.g.

GaAs and AlGaAs  which is called a heterojunction.

When provided

with electrons, these travel to the interface between the two materials, thus evening out the
dierent fermi-levels and deforming valence and conduction band of the structure.

The

conduction band of the GaAs is completely or partly drawn below the fermi-level, and
thus a planar region establishes, where electrons can reside and move with relatively low
resistance.
In principle, there are two ways to provide the 2DEG with electrons: Putting a metal
gate on top of the heterojunction and applying a voltage between gate and 2DEG-region,
the conduction band is bent and electron states below the fermi-level form in the GaAs
region close to the interface. This method is for example used in HIGFETs and provides
the researcher with good quality 2DEGs of easily tunable electron density ([45], [46]).
However, the quality of these 2DEG could not match those that were created by implementing doping atoms (in the GaAs/AlAs system normally silicon as an electron donator)
into the structure to provide a bent conduction band and free electrons (e.g. [47], [48], [3],
[4]). A common industrial application is the HEMT. Figure 3.8 shows a selection of the
most common 2DEG structures based on the principle of doping the semiconductor. As
will be detailed in the next sections, the doping parameters are a crucial part of structure
design with great inuence on the resulting sample's properties.
Apart from gates and/or doping scheme, there is a variety of possible layer stacks that
result in the formation of a 2DEG, ranging from a simple two-layer heterojunction with
doping to very sophisticated designs consisting of several hundred individual layers.

3.3

Types of 2DEG structures

Choosing the ideal type of 2DEG structure for a given application or research project is
a science in itself. Basically, one could say, improving a 2DEG sample's electromagnetic,
optical, crystallographic and so on properties requires structural designs of increasing complexity.
However, a complicated structure requires precise control of the production process
in order to obtain the desired properties.

If e.g.

a layer thickness of

2 nm

is required,

it is no good to try to sputter such a structure, as this technique simply is not precise
enough. The method of metalorganic chemical vapour deposition (MOCVD) on the other
hand oers the required precision, but lacks the purity level of the resulting crystal that
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a)

b)

c)

Figure 3.2: 1D-simulation of the conduction band and electron wave function for a): A heterojunction
with a continuous doping layer in GaAs. b): the doping layer moved to the adjacent AlGaAs sheet. c):
Electron density vs. distance from the interface (located at

0 nm)

for both samples; the vertical axis is

given in percent of the total electron density per nm.

is required for high-performance 2DEG-structures.

Therefore molecular beam epitaxy 

despite its relatively high cost  is the method of choice for the research-centered production
of semiconductors hosting 2DEGs.
The design of such 2DEG structures has undergone a long evolution. As mentioned,
the simplest method of creating a 2DEG in the GaAs/AlAs material system is growing a
heterojunction between and
with silicon.

Alx Ga1−x As,

where the GaAs-region at the interface is doped

This was a logical development from thick, uniformly doped GaAs-layers

which were standard until the middle of the 1980s [49]. While initially inferior in terms
of electron mobility, the uniformly doped heterojunctions provided a connement to the
electron wave function in the z-(growth) direction, thus creating the rst intrinsic electron
gases that deserved the label two-dimensional.
However, as indicated in gure 3.2 c), the electron wave function is still pretty broad
compared to structures where the doping layer is moved into the adjacent AlGaAs layer
(see gure 3.2 for a comparison of the respective bandstructures and electron density distribution). Avoiding the direct scattering caused by positively charged ions in the channel,
this technique also allowed tuning the electron density of a sample to a certain degree.
Depending on the aluminium content of the AlGaAs layer, a portion of the dopants is incorporated into the crystal as so-called DX-centers  donors with high ionization energies
that correspond to a thermal energy of roughly

150 K

(see e.g. gure 3.3, taken from [50]).

Thus, at low temperatures (for example those of liquid nitrogen or helium), only part of
the silicon donors is active. The rest of them may be activated by illuminating the sample, thus raising the electron density. While generally used in a binary way (illumination:
yes/no), we will show in the experimental section that it is possible to increase a 2DEG's
electron density stepwise by successively applying small intensities of light.
The primary factor that limited the 2DEG's quality changed from short-range charged
ion scattering to coulomb interaction between the electrons and the now spatially separated
charged donors (remote ionized impurity RI scattering). Therefore it was logical to move
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a)

b)

c)

Figure 3.4: a): Modulation doped heterojunction with
equal amount of dopants incorporated as

δ -peak.

20 nm

continuous doping. b): same structure with

c): comparison for both structures: Electron density and

density distribution are identical.

the doping area further away from the 2DEG region (gure 3.4 a).
rate reduces with increasing setback distance
proportional to

1/d2.5

for large values of

Dening and controlling

d

d

d

The RI scattering

between doping and 2DEG ([51]), and is

exceeding

50 nm

[32].

precisely is

therefore important, which led to another
change:

The continuous doping (typical

widths of doping layers were in the range
of

50

to

100 nm)

was replaced with a  δ -

peak  all dopants ideally resided in one
single monolayer (gure 3.4 b). Having no
eect on the shape of the wave function itself (gure 3.4 c), a

δ -doping

allows for a

higher accuracy in doping amount and setback distance.
A typical

δ -doping

for a modern 2DEG

structure is in the range of

1012

atoms per square centimeter.

This equals

to about

0.1%

silicon

of a monolayer. So, crystal

Figure 3.3: Schematics of the band gap energies of

Γ-, X -

and

L-band

of

Alx Ga1−x As,

along with ener-

defects are absolutely no issue, especially as

gies for shallow donor levels (hydrogenic levels, dotted

the doping layer resides above the 2DEG

line) and DX-levels (dashed). From [50].

area (going along the growth direction).
However, a larger setback not only decreases RI scattering, but also the maximum
electron density of a 2DEG, before parallel conduction sets in (see below). For example,
a

δ -doped

structure with

d = 70 nm

cannot exceed an electron density of

2.3 · 1011 cm−2 .

As shown in gure 3.5, a further increase in doping not only results in a wave function
that is drawn further into the GaAs/AlGaAs interface, but also leads to a second, parallel,
conducting layer. The parallel conductive layer (p.c.) may have a positive eect on the
2DEG's quality, as will be discussed shortly, but it also handicaps the application of a
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b)

a)

Figure 3.5: a): Conduction bands, gradually bent past the fermi-level with increasing doping density (from
top to bottom), giving rise to a parallel conducting layer. b): density distribution for a modulation doped
11
heterojunction with n = 1 · 10
cm−2 (black), n = 2 · 1011 cm−2 (red) and n = 4 · 1011 cm−2 (blue).

top gate. Such gates are widely used for example to tune electron density or conne the
2DEG spatially, e.g. for creating a quantum point contact. Before the 2DEG layer can
be manipulated, the p.c.

needs to be depleted.

Given the limited tuning voltage range

available for such techniques, this is a serious drawback.
If one wishes to increase the electron density anyway, one can either reduce the setback
and thus accept a loss in mobility, or add a second layer of dopants below the conducting
channel.

This method  in theory  doubles the amount of eective dopants and with

that the electron density. Additionally, one could argue that the doping layers' electrical
elds cancel each other in the center of the 2DEG region (provided the setback distances
are equal), adding a further boost to the 2DEG's performance. The concept of inverted
doping additional to the conventional one was rened and used by Loren Pfeier to create
the rst two dimensional electron gas with a mobility exceeding

30·106 cm2 /V s [52] (gure

3.6 a).
Unfortunately, the idea of cancelling the coulomb potentials caused by upper and lower
doping layer did not work out as desired, mainly because the dopants are randomly distributed in their respective

δ -doping

layer, resulting in two irregular potential landscapes

that do not match each other.
Another way to get rid of the coulomb potential had to be found. Suggested by Friedland et al. in 1996 [53] and optimized by Umansky et al. in 2009 [3], the concept of short
period superlattice (SPSL)-doping is now state-of-the-art. It is based on placing the conventional

δ -doped layers in narrow GaAs quantum wells surrounded by pure AlAs barriers.

The idea was that an increased amount of dopants provides surplus electrons which settle
in the X band minima of the AlAs-barriers (AlAs being an indirect semiconductor). The
strong connement in the narrow AlAs layer along with the high eective electron mass
leads to a screening layer of hardly mobile electrons that do not (measurably) conduct but
still adjust to the ionized donors' coulomb potential. In their publication, Umansky et al.
were able to show that the amount of screening electrons in the AlAs barriers signicantly
improves the quality of the fragile Fractional Quantized Hall State (FQHS) at

ν = 5/2,
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which is far more sensitive to potential uctuations than a simple mobility characterization
could ever be.
In our lab, we managed to produce samples of this type with low temperature mobilities
of

22 · 106 cm2 /V s,

putting us worldwide in third place of all research groups working on

high-mobility 2DEGs.

36 ·

The Umansky design, yielding

106 cm2 /V s,

uses a more elaborate de-

sign with a short GaAs/AlAs superlattice instead of a single quantum well,
plus an additional doping layer close
to the sample surface. This layer saturates surface states and thus reduces
the amount of silicon needed in the upper

δ -doping

a)

layer (gure 3.6 b).

One has to point out that an effective screening layer may also be
achieved
a

normal

by

strong

δ -doped

illumination
2DEG

of

structure.

However, in this case, one has to put
up with the parallel conduction.
One should also mention that the
illumination technique yields 2DEGs
that match Umanskys SPSL-design in
terms of electron mobility ([4]), but

b)
Figure 3.6:

Band structure for quantum well samples

doped from both sides: a) with conventional

δ -dopings,

b)

SPSL-doping with additional doping layer to compensate
surface states.

show signicantly better performance
when it comes to stability of the

5/2

ν =

state.
In summary, there are two ways to create an energy connement to house a 2DEG:
a: Single heterojunction (either from GaAs to AlGaAs or vice versa)
b: Rectangular GaAs quantum well with adjacent AlGaAs barriers
and two doping schemes:

δ -peak of dopants in AlGaAs
with a δ -peak in GaAs, surrounded

1: DX-doping, a thin
2: the SPSL design

by AlAs barriers

Additionally, a variety of layer parameters like for example setback distance (inuencing
electron density and mobility, gure 3.7) can be varied.
All these parameters provide a powerful toolkit to taylor high-quality samples for a
huge variety of experiments. Some examples are:



magnetotransport measurements and investigations on the

ν = 5/2

state:

2DEG

located in a rectangular quantum well, double DX-doping, large setback



FQHS at lling factors below

ν = 1

(requiring high B-elds):

2DEG located in

a rectangular quantum well, double DX-doping, very large setback (to get to low
densities with acceptable mobility loss)



gate experiments (density tuning, QPCs [54]): Quantum well, double SPSL doping,
large setback
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persistent spin helix [18]):
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Thin quantum well, small

setback

Figure 3.7: Inuence of setback to sample quality (in units of

√
µ/ n,

to compensate for density variations).

Shown are results from samples produced in our lab, a maximum at

90

to

100 nm

is clearly visible (grey

line is a guide to the eye).

3.4

High mobility 2DEGs: Historical overview

The history of quantum Hall physics is closely connected to that of high mobility 2DEGs
synthesized in the GaAs/AlGaAs material system.

However, silicon was the midwife to

enable the Quantum Hall Eect to see the light of day. In 1978 Englert et al. rst observed

RXX

minima at specic magnetic elds using a hallbar shaped silicon MOSFET ([55]). Yet,

their ndings remained unexplained for the moment. Two years later, Klaus von Klitzing
not only repeated Englerts measurements successfully, but also interpreted his ndings
correctly: The quantum Hall eect (QHE) was found ([56]), von Klitzings achievement
was recognized with the Nobel price in 1985.
The reason why GaAs  as of today the one and only material to realize highest-mobility
2DEGs  did not play a role in this fundamental discovery was simple:

In the 1970s,

the quality of GaAs/AlGaAs based structures simply could not match silicon MOSFETs.
There were bulk-doped GaAs samples with respectable mobilities around
at

77 K ,

100 000 cm2 /V s

but these were not exactly two-dimensional.

GaAs surpasses Si, discovery of the fractional quantum Hall eect
When Dingle et al.

in 1978 introduced the concept of modulation doping, they used a

superlattice of GaAs quantum wells and uniformly doped AlGaAs barriers (see gure 3.8
a) for a schematic of the resulting band structure), yielding mobilities in the range of

15 000 cm2 /V s

([57])  comparable to Englerts and von Klitzings silicon samples.

One year later, Tsui and Gossard managed to create a single-interface structure and
observed the QHE for the rst time in the GaAs/AlGaAs material system ([58]).

The

simple step from a GaAs quantum well to a single interface  removing the second, inverted, barrier and the accompanying scattering due to poor interface quality of that time
 raised the electron mobility by a factor of ve to

80 000 cm2 /V s

(gure 3.8 b). With the
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a)

b)

c)

d)

e)

f)
Figure 3.8: Historical designs of 2DEG structures. a): modulation doped superlattice. b): modulation
doped single interface heterojunction. c): modulation doped heterojunction with undoped setback. d):
continuous modulation doping replaced with
both

δ -dopings

δ -layer.

e): GaAs quantum well,

in thin GaAs/AlAs quantum wells (simple SPSL version).

δ -doped

from both sides. f ):
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GaAs/AlGaAs system now matching silicon-based devices, a decade-long and still ongoing
eort of numerous researchers to increase 2DEG quality was initiated.

90 000 cm2 /V s and Tsui et al.
and RXY plateaus at ν = 2/3 and

One year later, in 1982, electron mobilities had risen to
made the next ground braking discovery:

1/3

RXX

minima

were the rst fractional quantum Hall states (FQHS) to be found ([5]).
Structural changes were one possibility to enhance electron mobilities, the other (and

even more promising one) was working on the design and performance of the MBE setup
itself.

Due to poor vacuum quality and source material purities (from today's point of

view), mobility limits were entirely governed by background impurities (BIs). These are
residual gas atoms in the growth chamber that were unintentionally incorporated and acted

1

as crystal faults or  even worse  when ionized as charged scattering centers .
The potential that lay within this fact was impressively shown by Störmer et al. ([25]).
They added a loadlock to their MBE setup: A second UHV chamber between environment
and growth chamber, that was used as an air lock for growth substrates.

This allowed

to operate the setup without ever breaking the vacuum to load new substrates. Electron

500 000 cm2 /V s. Also, additional FQHS at
2/7, ν = 2/5, ν = 3/5, ν = 4/5, ν = 4/3 and ν = 5/3 were observed.

mobilities rose abruptly to

lling factors

ν=

Above one million, observation of a FQHS at ν = 5/2
The rst to break the million border were Hiyamizu et al. in 1983, using a heterojunction
with an AlGaAs setback between 2DEG and doping area plus high growth temperatures
of

680◦ C

density of

(gure 3.8 c). The sample had a mobility of

3.0 ·

1 250 000 cm2 /V s

with an electron

1011 cm−2 . They also demonstrated impressively the possibilities of silicon

doping in AlGaAs, which forms DX-centers: Careful illumination with a red LED allowed
Hiyamizu to tune the electron density, leading to a record mobility of
a density of

5.04 ·

2 120 000 cm2 /V s

at

1011 cm−2 .

On top of that, a logical limit to the tuning was made obvious:

Above a certain

density value, the electron mobility declined again. In the 2DEG region, the rst excited
subband became populated and inter-subband scattering hampered sample performance
([59]).

While known for quite some time, this nding was an impressive demonstration

that raising the mobility by increasing density can not go on forever.
A comparable structure (µ

= 2.15 · 106 cm2 /V s,

however at lower density of

2.1 ·

1011 cm−2 ) was then used in 1986 by Clark et al. to publish a set of new FQHS including
a hint on the existence of the up to date enigmatic

ν = 5/2

state ([60], see also chapter

5). The existence of this state was proven one year later by Willett et al. (gure 3.9 a),
taken from [7]). Clark's work is also remarkable with respect to the wide tuning range his

0.7 · 1011 cm−2
2.15 · 106 cm2 /V s

samples had, reaching from
from

0.6 ·

106 cm2 /V

s

to

to

2.1 · 1011 cm−2

in density and mobilitywise

 more than a factor of three.

The discovery of the extremely fragile odd-denominator FQHS and especially the one
at

ν = 5/2

may have motivated MBE growers all over the world to great eorts in order

to further increase 2DEG qualities, as new physics was on the horizon. Only months after
the publication of Willett's discovery, English et al. (working with Gossard's group at Bell
Labs) set a new mobility record of

1

5 · 106 cm2 /V s

([61]).

One charged impurity is worth 200 000 neutral ones. Loren N. Pfeier
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Improving chamber vacuum, µ exceeds 107 cm2 /V s
To achieve this breakthrough, the Bell Labs group had concentrated on preparing the
MBE setup itself rather than implementing new structural designs.

Harris et al.

had

shown recently that electron mobility can scale with setback thickness with a maximum at
ca.

80 nm

([62]). Larger setbacks reduced the 2DEG density in a magnitude that lowered

the mobility again  all of that requiring a sucient vacuum quality in the rst place (such
as to make the ionized silicon donors the limiting factor, not the background impurities).
The Gossard group introduced a series of procedures for operating and maintenance of
a high quality MBE setup that are still standard. Special care was taken to use only the
cleanest source materials available. Before and after lling the evaporation cells the whole
setup was baked at

200° C

for several days.

To reduce the chamber pressure, a hollow cooling shroud lled with liquid nitrogen was
installed that surrounded the inner part of the growth chamber.

Acting as a cold trap

and encasing those parts of the setup that were located near heating gear, the cryoshrouds
were a crucial part of the success achieved by English et al..
An initial self-cleaning period of the growth campaign was launched. A steady increase in 2DEG mobilities at the beginning of each growth campaign was well known and
commonly accustomed to impurities that evaporated over time from the source materials
and residual gas desorbing from chamber walls. After 120 samples grown, they were able
to produce ve million samples day-by-day.
The next border to fall was 10 million. This was achieved by Loren Pfeier in 1989, who
strongly modied the MBE system he inherited after Gossard and English left Bell Labs.
Through rening the techniques described above and increasing pumping capabilities with
several helium closed-cycle cryopumps, not only a base pressure of about
reached, but also a 2DEG mobility of

11.7 ·

106 cm2 /V

s

10−12 mbar

was

([26]).

After that, the development slowed down a bit. In 1997, Umansky et al. reported a
mobility value of

14.4 · 106 cm2 /V s,

made possible by additional modications of the MBE

setup ([32]), and Pan et al. provided the community with the exact quantications of the
activation energies of FQHS at

ν = 5/2, ν = 8/3

and

ν = 7/3,

using a

17 · 106 cm2 /V s

sample [47]. But this was pretty much the end of the line, as far as vacuum quality and
MBE setup was concerned. An ideal setback distance of

80 nm

was established. Higher

values led to lower total mobilities, however at considerably lower electron densities 
which was a very useful achievement in its own right, for example for FQHS studies at
lling factors below

ν = 1.

Rectangular quantum wells doped from both sides
An old idea was picked up again: Why not use a GaAs quantum well that is doped from
both sides instead of the single interface design? This way, the amount of doping - and with
that the 2DEG's electron density - could be doubled without forsaking the advantage of
the high setback distance. Even more so: As the coulomb interaction between 2DEG and
ionized donors was believed to limit mobility, two positively charged layers with identical
carrier densities and distances from the 2DEG might even cancel out each other's electrical
eld in the quantum well's center, thus giving an additional boost to electron mobility
(gure 3.8 e).
Unfortunately, it was found that the inverted interface (below the quantum well)
caused serious problems to the 2DEG's quality. Around 1990, when normal heterostruc-
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b)

a)

Figure 3.9: a): rst observation of the ν = 5/2 state in 1987 by Willett et al.; sample mobility: 1.3 ·
106 cm2 /V s. b): magnetotransport measurement of a sample with ∆5/2 = 560 mK , sample mobility
32 · 106 cm2 /V s. (Taken from [7] and [65].)

tures with a doping layer above the interface had passed the
inverted version could not surpass

500 000 cm2 /V s

10

million already, their

(see for example [63]).

The quality

of the interface itself was an issue  how rough would the interface be after the growth
of several 100 nanometers of AlGaAs in a parameter space optimized for GaAs? Would
the highly reactive aluminium at the interface getter impurities and thus create a layer of
ionized impurities in the quantum well itself ? What about crystal defects caused by these
impurities?
All these problems needed to be addressed, but the main problem proved to be migration of silicon through the layer stack during growth. Wandering silicon eectively reduces
the setback thickness and with that the achievable mobility. Loren Pfeier chose to compensate for this migration by increasing the nominal setback of his inverted structures with

3.0 · 106 cm2 /V s was still considerably lower than that of the
6
2
(4.7 · 10 cm /V s), but exceeded the to-date possible performance by

great success. A mobility of
top-doped reference

a factor of six ([64]). Please note that at the time the replacement of a heterojunction with
a

25 nm

wide quantum well reduced the electron mobility by

60 %.

In the wake of these results, growing double-sidedly doped samples seemed promising
again. In fact it was such a structure 

30 nm

wide quantum well with a

δ -doped

silicon

layer away from each interface  that marked the next big step in mobility increase:

106 cm2 /V s,

31 ·

reported in 2002 ([52]).

Finally, in 2010, this number was raised again to

36 · 106 cm2 /V s,

which is by now the

world mobility record for electrons not only in GaAs, but in any material. Also, in the
same year, one of Pfeiers 2DEGs has been used to measure the most stable (and most
beautiful)

ν = 5/2

b), from [65]).

state found so far (with an activation gap of

560 mK ,

see gure 3.9
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Apart from  and in combination with  the concept of double-sided doping, another
approach was followed, mainly by Vladimir Umansky, to increase the quality of two dimensional electron systems. The focus hereby lay not (only) on electron mobility, but in
increasing the activation gap of the

ν = 5/2

fractional quantized Hall state. This state,

as will be detailed in a later section, was and is of special interest in the research eld of
topological quantum computing.

Early investigations on the ν = 5/2 state, role of scattering mechanisms
While there was a common agreement in the 1990s and early 2000s, that electron mobility
is the gure of merit to be used, this opinion became harder and harder to defend as a wide
range of 2DEGs were investigated with respect to visibility and stability of their

ν = 5/2

state.
Activation energies of these states scale with electron mobility (and density), given
comparable sample structures and treatment (see for example [8]). But it quickly became
obvious that mobility is not the whole story. As an example, Miller et al. reported in 2007

20 · 106 cm2 /V s ([66]), while Dean et al.
and Nübler et al. found more than twice that value  260 mK and 300 mK respectively 
6
2
6
2
using samples with lower mobility (14 · 10 cm /V s and 18 · 10 cm /V s) [67, 8].
on a

130 mK

gap, obtained from a sample with

Several experiments on scattering mechanisms eecting a 2DEG's electronic behaviour
led to the conclusion that direct scattering with background impurities (residing in the
conducting channel) were the main eect limiting mobility, while FQHS stability is limited
by long-range RI-scattering from ionized donors (e.g. [32]). This was impressively proven
when Pan succeeded to create a gate-induced 2DEG  without any doping and therefore no
RI-scattering  showing a

240 mK

gap with mere

6.2·106 cm2 /V s of mobility [10].

Even for

doped structures a solution existed: Gamez and Muraki illuminated their normal, double-

δ -doped quantum well massively.

Causing parallel conducting layers at the doping regions,

5/2 minimum at low
4.8 · 106 cm2 /V s [9].

they created an eective RI screening. This led to a fully developed
temperatures (Egap

≈ 100 mK ),

despite the mediocre mobility of

Alternative reduction of RI scattering: SPSL doping scheme
Unfortunately, parallel conduction is generally undesirable and the application of a large
top gate to tune density is simply impossible for many experiments (for example [66], [16],
[12], [68]). Another technique to screen the irregular RI coulomb potential was necessary.
As suggested by Friedland in 1996 ([53]), the band structure of the GaAs/AlAs material
system itself can be used: AlAs being an indirect semiconductor with its minimal band
gap in the X-valley and a much higher eective electron mass, thin AlAs layers had to be
implemented in the sample structure. Electrons trapped in these layers are not conducting,
but still mobile enough to adapt to the strongly irregular donor potential and induce a
spatial correlation between ionized donors.

This eect eectively levels the irregular

Coulomb potential and signicantly reduces RI scattering
With carefully chosen layer thicknesses, Umansky et al.

showed in 2009 that the

ν = 5/2 state scales with the amount of heavy electrons in the AlAs
his δ -doping layers in a short-period superlattice of AlAs and GaAs,

pronunciation of the
layers [3]. Putting

he produced a 2DEG structure that did not require any further processing and still had

5/2

gap energies of

300 mK ,

but also showed an electron mobility of

tieing the record of Pfeiers (illuminated) sample.

36 · 106 cm2 /V s,

thus
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Summary
The described change of goals that the grower community wished to achieve  optimizing
samples for ensuing experiments rather than simply hunting for higher and higher mobilities
 might explain the gradually slowing progress in the eld of 2DEG's mobility: From 1980
to 1990 an increase by more than an order of magnitude, from 1990 to 2000 by a factor
of three and from 2000 till today by just

20 %.

However, this is not the end of the line.

Improvement in sample quality (and thus also mobility) have and surely will open up the
road to new and exciting physics. There are even ideas to push the mobility of GaAs based
2DEGs to

100

million

cm2 /V s

([28])  more or less simply by reducing the amount of

background impurities by one order of magnitude.
How this task is to be mastered in a practicable way is only one of the challenges the
future and the experimenters hold for the MBE community.
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4.1 Classical Physics
4.1.1 Drude-Model for electron mobility
Electron mobility is still the most important and most commonly used gure to characterize a 2DEG's quality, despite its limit as a general benchmark for the magnetotransport
behaviour of a 2DEG and all associated phenomena. In particular, it is well accepted by
now that electron mobility alone is a poor gure to predict the quality of the

ν = 5/2

FQHS. This state is still not fully understood and one of the hottest topics in modern
semiconductor physics.
However, electron mobility and its scaling with certain parameters (sample temperature, 2DEG's electron density, ...) allows to draw conclusions about the type and relative
inuence of scattering mechanisms the 2DEG is subject to, and from there to the crystal's
properties and quality itself. It is also well established that, given comparable structures,
growth parameters and MBE setup conditions, electron mobility very well scales with the

5/2

gap energy.
Additional to it's undebated usefulness, the biggest advantage of electron mobility as

a characterization number is it's easy accessibility: A simple magneto-transport setup (as
will be described in section 7.1) at the temperature of liquid helium will do the job. In that
way, one can get valid information about success or fail of a growth run in less than three
hours. Such a short feedback time is an advantage that literally cannot be overestimated.
Basically, the electron mobility
an electron in an electric eld
not denoted in SI-units, but in
To calculate

µ

E.

µ

can be understood as the average drift velocity

Therefore, it's unit is

cm2
Vs .

m V
s /m

= m2 /V s.

vD of
µ is

Commonly,

from easily measurable sample properties, one uses the ohmic law (ap-

plicable for zero- and low-magnetic-eld-conditions) in it's vectorial form:

~
~j = σ · E
with

~
E

~j

being the current density,

the electric eld. As

the electron charge

−e)

written as:

where

~j

σ=

(4.1)

1
ρ the conductivity (inverse of the resistivity

denotes the total charge

q

(or the amount of electrons

passing through a given cross section

A

in a given time t,

~j = −e · N = −e · n · l · A = −e · n · l
A·t
A·t
t

n = N/V =

ρ)

and

N times
~j can be
(4.2)

N
A·l is the three-dimensional electron density (electrons per volume)

in a conductor with length

l

and cross section

A.

Combining equations 4.1 and 4.2 leads to

~ = −e · n · l = −e · n · vD
σ·E
t
as the distance

l

electrons travel in a given time

to

σ=

t

equals

(4.3)

vD .

So, 4.3 can be permuted

1
−e · n~· vD
=
= −e · n · µ
~
ρ
E

(4.4)

1
−e · n · ρ

(4.5)

and thus follows

µ=
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Figure 4.1: Schematic of the Hall eect: Application of a magnetic eld B to a conductor results in a
Lorentz force
force

FE

FB

on the charge carriers. The charge separation is accompanied by an increasing electrical

until an equilibrium state and a constant Hall voltage

VH ,

depending only on

I, B

and

n,

is

reached (see text).

The electron mobility can be calculated from the resistivity
resistance
density

R

n.

ρ

(which equals the sheet

in two dimensional carrier systems) and from the (two dimensional) electron

The former is obtained by a fourpoint resistance measurement, the latter can

be derived from a low-eld Hall measurement utilizing the classical Hall eect, which will
be described in the next section.

4.1.2 Classical Hall Eect
The nding of the (classical) Hall eect by E.H. Hall in 1879 ranges among the most
fundamental discoveries in physics of all time. Hall discovered that an electrical current

I

that is applied to a conducting material (in his case a thin sheet of gold, but it works

as well for a 2DEG in a semiconductor) in a magnetic eld

B

causes a voltage

voltage is oriented perpendicular to the current and scales with
The eect can be explained by the Lorentz force

F~B

I

and

VH .

This

B.

a charged particle is subject to

when travelling through a magnetic eld:



~
F~B = e · ~v × B

=⇒

with the electrons' eective drift velocity
unnecessary, as

vD , FB

and

B

FB = e · vD · B

vD .

(4.6)

In our case, the vectorial notation is

are perpendicular to each other. The Lorentz force causes

electrons drifting to one side of the conductor, thus creating a separation of charge and
creating an electrical eld

E,

until electrical force

FE

and Lorentz force equal each other

and a static condition is reached:

FE = e · E = e ·
with

w

VH
w

(4.7)

being the width of the conductor. Combining equations 4.6 and 4.7 gives an

expression for the Hall voltage:

VH =

e · vD · B · w
= vD · B · w
e

(4.8)
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I = e · vD · nV · A,

nV = N/V is the three-dimensional electron density and A the cross
A = w · d (with thickness d). This way, equation 4.8 changes to

section of the

conductor:

VH =
reducing nally (by use of

I
·B·w
e · nV · w · d

nV
d , the two dimensional carrier density) to

n=

VH =
Derived from

VH

(4.9)

RH
RXX =

RXY =

(4.10)

RXY , which is dened by convention analoVXX
I :

is the Hall resistance

gous to the longitudinal resistance

I ·B
e·n

or

VXY
B
= VXY ·
I
e·n

(4.11)

In this way, the electron density of a 2DEG can be derived from the Hall voltage caused
by a magnetic eld (small elds of

0.25

to

0.5 T

are common) using equation 4.10.

4.1.3 Van der Pauw method
With the electron density obtained from a Hall measurement, all that remains to dene
a sample's mobility is the sheet resistivity

R .

It is easily determined with the van der

Pauw method that was presented by Leo J. van der Pauw in 1958.
deriving the (three-dimensional) resistivity
that, via

ρ = R · d

The method allows

ρ of an arbitrarily shaped bulk sample (and with

the two dimensional sheet resistance) solely by four-point resistance

measurements ([69]).
For the method to yield trustworthy results, the sample must full four criteria:



The sample should be homogeneous (in terms of thickness of the conducting layer,
carrier density and so on)



There must be no isolated singularities in the samples (holes)



The ohmic contacts must be very small in relation to the sample dimensions (as a
rule of thumb: Area of the contact at least one order of magnitude smaller than
sample area)



The ohmic contacts must be placed at the edge of the sample

If a sample satises these prerequisites, the following relation holds:


1 = exp
with

RAB,CD =

−π
· RAB,CD
R




+ exp

−π
· RBC,DA
R


(4.12)

VCD
IAB , the resistance obtained by driving a current through contact A

to B and measuring the voltage between C and D. Unfortunately, equation 4.12 cannot be
solved unless

RAB,CD ≡ RBC,DA ,

which is normally not the case. However, the relation

can be written as

π
R =
·
2 · ln(2)



RAB,CD
RBC,DA


· (RAB,CD + RBC,DA ) · f

(4.13)
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Figure 4.2: Van der Pauw correction factor, logarithmic plot.

with the correction factor

f

It should be mentioned that

that is dependent from

RAB,CD

RAB,CD
RBC,DA (shown in gure 4.2).

is not necessarily equal to

RBA,DC ; a problem that

can be solved by calculating the average of both values and performing AC measurements
(a standard Lock-In technique). If the homogeneity of the sample is not guaranteed (as
usual in the real world), one has to measure the resistance along every direction and gets
two values for

R :
R1

π
=
·
4 · ln(2)

R2



RAB,CD
RBC,DA

π
=
·
4 · ln(2)

Thus, the dierence between

R1




· (RAB,CD + RBC,DA ) · f

RCD,AB
RDA,BC

and

R2

and


· (RCD,AB + RAD,BC ) · f

is a measure of inhomogeneity of the sample.

The sheet resistivity is then given by

R =

1
· (R1 + R2 )
2

(4.14)

As mentioned before, the van der Pauw method allows for arbitrary sample geometries;
some of them are shown in gure 4.3: An irregular shape (a), the cloverleaf  shape that
yields very precise results but also requires processing (for example etching the sample
from a MBE growth substrate) and a square or slightly rectangular sample that can be
cleaved from a wafer (c).

b) and c) also provide the option of a quick electron density

characterization by driving a current e.g. through contacts A and C and measure the Hall
voltage between D and B. Thus, the van der Pauw technique applied to a cleaved sample
with ohmic contacts is a very powerful tool to quickly and reliably characterize a 2DEG's
magnetotransport characteristics.

4.2 Integer Quantum Hall Eect
The quantum Hall Eect was discovered in 1980 by Klaus von Klitzing [56]. While performing A Hall measurement similar to that of Edwin Hall, although using a 2DEG at
helium temperatures (4.2 K ), von Klitzing found the Hall resistance to form plateaus at
certain values corresponding to

RH =

1 h
·
i e2

(4.15)
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c)

Figure 4.3: Sample geometries applicable for van der Pauw characterization.

a): irregular shape with

four contacts at sample's boundary. b): cloverleaf  design with well dened sample dimensions (e.g. by
chemical etching). c): square or rectangular sample with ohmic contacts at the edges.

Figure 4.4: Von Klitzing's original measurement.

Note that the magnetic eld was kept xed at

while the gate voltage (and thus the electron density in the 2DEG) was tuned (taken from [56]).

18 T ,
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i being an integer number, h the Planck constant and e the electron charge. Additionally, whenever an RXY plateau occurred, the longitudinal resistance RXX disappeared.
with

Von Klitzings original measurement is shown in gure 4.4.
The importance of this discovery is shown by the fact that von Klitzing was awarded
the Nobel price in 1985.

Also, the von Klitzing constant

RK =

h
e2

= 25 812.807 Ω

is

discussed to be used as resistance normal in a redenition process of the the international
SI-unit system. (Because the denition of the electrical base value Ampere is done with a
relatively high uncertainty of

10−6 ,

Ω,

while the

obtained via

RK ,

may be dened with a

−9 ) [70].
precision of 10
To understand the origin of the QHE, one has to look at the quantized electron energies
in a 2DEG in the form of the Landau quantization.

When a magnetic eld is applied

(perpendicular) to a 2DEG, only certain, discrete energy states can be occupied.

2
form circular orbits in the k-space parallel to the 2DEG, i.e. kX
(with

B = BZ

and the 2DEG lies in the

x, y

+ kY2

= const

and

They

kZ = 0

plane).

Solving the Schrödinger equation yields for these Landau levels (LL):

1
Ei = (i + ) · ~ · ωC
2
with

i

being an integer number,

~

ωC the cyclotron
e·B
∗
(m is the eective electron
∗
m

the reduced Planck constant and

ωC =

frequency of the electrons in the magnetic eld:
mass in

(4.16)

GaAs, 0.067 · m0 = 6.10 · 10−32 kg ).

In an ideal sample, the constant density of states (DOS) of a 2DEG changes to a series
of innitely sharp (and extremely degenerated)
other by

(~ · ωC ),

δ -peaks

which are separated from each

when a magnetic eld is applied (gure 4.5 a) and b)).

However, in a real sample there is always disorder, for example in the form of impurities
or crystal mismatches that broaden the sharp

δ -peaks

by scattering (gure 4.5 c). With a

very small magnetic eld applied, many LLs are occupied (as the energy separation scales
with

B ).

Increasing

B

steadily leads to a continuous increase in the size of the circular

LLs, and one after the other is driven beyond the Fermi level, thus emptying that specic
LL (gure 4.5 c).
The degeneracy of such a real Landau level, or the number of states per area in one
specic level,

nB ,

is given by

nB =

e·B
h

(4.17)

Note that spin splitting separates every LL into two sublevels or branches. Taking this
into account, one would have to double the amount of states per area per LL.
From equation 4.17 it follows that there are well dened magnetic elds where one LL
is completely lled, while the next one is already completely empty:

Bν =
where we dene

ν =

nB
h
1 n·h
·n· = ·
n
e
ν
e

(4.18)

n
nB as the lling factor: number of electrons per number of

available states per LL. This means that for example at a magnetic eld corresponding
to

ν = 1,

the rst LL is half-lled  better: The lower branch of the rst (energetically

lowest) LL is completely lled, while the upper branch and all other LLs are completely
empty. A lling factor of

5

would mean that the two rst LLs and the lower branch of the

third one are completely lled.
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b)

c)

d)
Figure 4.5: a): constant density of states in a 2DEG without magnetic eld.
shaped Landau levels (separated by
impurity scattering. On increasing

~ωC )

when a magnetic eld

B , the LLs wander

B

is applied.

b): split-up into

δ -peak

c): LLs broaden due to

upwards in the energy scale; when passing through

the Fermi level, a LL is only partially lled, enabling dissipative transport. d): localized electron states
connect the LLs, enabling a continuous moving of the Fermi level.
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leads to an interesting insight:

ν=

h
Φ0
n
2
=n·
=n
= n · 2π · lB
nB
e · Bν
Bν

(4.19)

Φ0 = he being the magnetic
p
and lB the magnetic length, dened by lB =
~/eB . If we dene Φ as
through a sample with the area A, i.e. Φ = A · B we nd the relation
derived from equations 4.17 and 4.18 with

nB · A =

B
·A
Φ0

=⇒

NB =

the total number of electron states per LL in a sample

ux quantum
the total ux

Φ
Φ0
NB

(4.20)

equals the total number of

ux quanta passing through this sample: In every LL, there is one energy state for every
ux quantum.
Another interesting insight into the electrical behaviour of a 2DEG in the quantum
Hall regime can be obtained from a conductivity approach: The Drude model that we
already used to understand the electron mobility, delivers

σ=
where

σ

is the conductivity,

m∗

ne2 τ
m∗

the eective electron mass and

the average time between two scattering events).

ρ = 1/σ

(4.21)

σ

τ

the transport lifetime (or

is related to the resistivity

ρ simply via

in the absence of a magnetic eld. If one applies a magnetic eld perpendicular

to the 2DEG however,


σ̂ =

σXX
σXY

σ

and

−σXY
σXX

ρ become tensors:


1
ρXX
=⇒ ρ̂ = 2
2
−ρ
σXX + σXY
XY

ρXY
ρXX



As we observe a vanishing longitudinal resistance at a quantum Hall state

(4.22)

ν

and a

plateau in Hall resistance (from equation 4.15), we get

1 h
·
ν e2

(4.23)

e2
h

(4.24)

ρXX = 0,

ρXY =

σXX = 0,

σXY = ν ·

and (from equation 4.22)

Hereby, two problems are arising:
xed magnetic eld

Bν ,

First, the quantum Hall state occurs only at a

which is in contradiction to the experimental ndings of Hall

plateaus extending over a pretty wide

B -eld range.

Second, the model of electronic states

concentrated in a limited number of LLs results in
resides in an energy region with no states at all.

B -eld

ranges where the Fermi level

As this is impossible, the Fermi level

would have to abruptly jump from one lling factor to the next (which in turn would
require likewise abrupt and massive changes in the electron density).
The solution to both dilemmas lies in the imperfect nature of any real crystal.

De-

spite the considerable advances in sample purity and structural quality modern growth
techniques brought about, there are still plenty of impurities and crystal defects in any
existing sample. These broaden the LLs by scattering, as mentioned above. Additionally,
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Figure 4.6: Edge channel model: LLs bend upwards through the connement of the nite sample width,
crossing the Fermi level. States below the Fermi level are occupied (solid circles), conducting states are
located at the intersections with the Fermi level (open circles).

as scatterers also cause potential uctuations, they locally distort the energy plane of any
LL to create an energy landscape oering many electronic states between the nominal
LLs ([71, 72]).
Now there are two types of states: Localized ones, which can be imagined as local energy
minima in the landscape, providing secluded potential lakes: Electrons can reside in such
lakes over the whole magnetic eld range between two LLs, but due to their connement,
they do not contribute to the Hall current.
Then there are delocalized or extended states, corresponding to equipotential lines
through the potential landscape.
As visualized in gure 4.5 d), the delocalized states are grouped around the center
of every broadened LL, while the localized ones extend further and connect the dierent
levels.
In such a way, the Fermi level can move through the energy levels of a 2DEG continuously without changing the Hall resistance (because the localized states do not contribute
to the Hall current). When a region of delocalized states is crossed, new states that can
carry current through the sample are populated, thus giving rise to dissipative conductance.
With the feature of the extended Hall plateaus explained, there still remains the paradox situation of the longitudinal resistance being
but the conductivity being

0

0

(matching the experimental results),

at the same time.

This obvious inconsistency can be remedied elegantly by taking into account the nite
nature of a real 2DEG. The simple fact that a sample has a limited size provides connement at the sample's edges, thus bending the LLs upwards. Shown in gure 4.6, this
leads to conducting edge channels, where the bent LLs cross the Fermi level. Due to the
small width of these edge channels which correspond roughly to the magnetic length (in
the order of

10 nm

in a typical sample) they can be considered as one-dimensional.

While the classical longitudinal conductivity

σXX

is still

0

(as through the bulk of the

sample there are only localized electronic states available), an eective electron movement
occurs through these edge channels.

It can be understood by taking into account that

electrons in a magnetic eld execute cyclotron motions. An electron in an edge channel
undergoes this motion as well, but is reected from the edge connement before a full
circle can be completed (gure 4.7). For this however, the impurity density must be low.
The collision with an impurity in the edge channel can't cause a normal scattering event,
because there are no slightly diering energy states the electron could adopt. It can only
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a)

b)
Figure 4.7: Visualization of the edge channel transport. a): cyclotron motion and reection at the sample
edge produce an eective current along the edges. b): scattering at impurities may lead to backscattering,
but does not so necessarily.

be reected and thus reduce or even completely cancel the eective electron motion. This
leads - despite

σXX = 0

to a dissipationless, longitudinal current through the sample.

For a more detailed review and theoretical considerations on the integer Quantum Hall
Eect, there's a variety of excellent reviews published to date, for example [73, 74, 70]

4.3 Fractional Quantum Hall Eect
In the year after von Klitzing's ground breaking discovery, Daniel Tsui managed to conrm his measurements using a GaAs/AlGaAs heterostructure ([58]). One year later, Tsui
and Störmer added another sensational nding to the picture: Observing the typical QHE
characteristics  extended Hall-plateau, vanishing longitudinal resistance  but at a magnetic eld corresponding to a fractional lling factor of

ν = 1/3

([5]).

Tsui's original

measurement is shown in gure 4.8.
Note that this measurement also was performed at a (for the time) high-mobility
GaAs/AlGaAs heterostructure with

µ = 90 000 cm2 /V s.

It can be understood as land-

mark where GaAs/AlGaAs 2DEGs nally outperformed silicon/MOSFET structures and
became the substrate of choice for high mobility semiconductor research.
Also, Tsui's measurement already hints another FQHS at

ν = 2/3.

In fact, a variety of

FQHS were found soon afterwards as 2DEG mobilities increased (e.g. [25]).
However, although the observation characteristics of integer and fractional quantized
Hall states are pretty similar, understanding the latter is much more complicated. The LL
picture detailed in section 4.2 is a single-particle problem, whereas in the fractional regime
many-body-interactions have to be considered.
By now, there are two theories describing the FQHS: The hierarchical model including
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The magnetic eld is noted in units of
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Laughlin wave functions, and the Composed Fermion (CF) picture, which tries to map the
many-body-interaction to a single particle problem.
Both models however fail at explaining the occurrence of even-denominator states (the
most prominent example being the

ν = 5/2

state). Therefore, we will cover the Laughlin-

and CF-model in the following sections and then attend to the

ν = 5/2

state.

4.3.1 The Laughlin/hierarchical model
In order to understand the FQHE, Robert Laughlin proposed a wave function that satised
the Hamiltonian


2 X
N
N
N
X
X
1
~~
e~
H=
∇j − A(~rj ) +
C(~rj − ~rk ) +
Vion (~rj )
2me i
c
j

(4.25)

j

j<k

j in a magnetic eld  with
~
~
~ ) in the rst term, the
being the vector potential of the magnetic eld (B = ∇ × A
e2
electron-electron interaction in the second term (with C(~
r) = r ) and the last term de-

which takes into account the movement of a charged particle

~
A

scribing a background charge density needed to counter the repulsive Coulomb interactions
of electrons in the system.
Laughlin's wave function is written as

N
Y

Ψν = Ψ (z1 , . . . , zN ) =

j<k




N
X
1
(zj − zk )q · exp −
|zj |2 
4rC

(4.26)

j

zj = xj + iyj being the two-dimensional position space coordinate of particle j ,
∗v
D
the cyclotron radius.
q = 1/ν the denominator of the FQHS and rC = me·B
11
−2 ),
Due to the huge number of particles involved (a typical 2DEG density is 10 cm
Ψν cannot be solved analytically, therefore Laughlin used Ritz's variational principle (see
e.g. in [75]). For a variety of test functions Ψ(β) with dierent parameters β the respective
energy eigenwerts E(β) are calculated:

with

E(β) =
The function yielding the lowest eigenwert
The strong points of

Ψν

Ψ∗ (β) H Ψ(β)
Ψ∗ (β) Ψ(β)

(4.27)

E(β) oers the best description of the problem.

are that it explicitly takes many-body-interaction into account,

that it leads to energy gaps that are quantitatively correct and that it also is a fermionic
wave function: Swapping two electrons

j

and

k

in the formula leads to a change of sign for

Ψν .
It is noteworthy that Laughlin's theory required elementary excitations
a fraction

q

e∗ =

e
q with

of the elementary charge, whose existence was experimentally proven several

years later ([76, 77, 78]).
However, there are two weaknesses as well: First, Laughlin states cover only FQHS in
the rst LL (with

ν < 1);

second,

Ψν

only applies for odd inverted lling factors

q.

The rst problem became acute as in 1983 Störmer found the rst FQHS in the second
LL, namely

ν = 4/3

and

ν = 5/3

[25].

Therefore Laughlin's theory was extended by

Haldane [79] and Halperin [80] by introducing the hierarchical model. In this explanation
the Laughlin states with

ν = 1/q

are referred to as primary fractions, supplemented by
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These states can be understood

as quasi-particles condensing from their parent states.
The daughter states evolve from their respective parent state in a hierarchical order:

ν=

= ν(q, ±p1 , ±p2 , ±p3 , . . . , ±pN )

±1

(4.28)

±1
p1 +
p2 + p ±1
3 +...

pi an even, positive and natural number. The hierarchical nature means that a state ν(q, ±p1 , ±p2 , ±p3 , . . . , ±pN ) can only exist if it's parent state
ν(q, ±p1 , ±p2 , ±p3 , . . . , ±pN −1 ) exists as well.

with

q

1
q+

being an odd and

4.3.2 The Composite Fermion model
The composite fermion (CF) model developed by Jain [6] centers around the idea of simplifying the complex many-body-problem of a large number of electrons moving in a magnetic
eld to a single-particle situation. While it provides a very good and intuitive picture of
the physical conditions, one has to point out that an exact quantum mechanical description
is delivered only by the Laughlin wave functions.
Essential in Jain's approach are the magnetic ux quanta penetrating the sample. In
a two-dimensional system, there is one ux quantum

Φ0

per particle state per LL (see

equation 4.20). So, for example, in a magnetic eld corresponding to
two ux quanta for every electron, three at

ν = 1/3

ν = 1/2,

there are

and so on. Composite fermions now

are a combination of one electron and an even number of ux quanta (for the resulting
quasiparticle to show a fermionic character; adding an odd number of ux quanta would
result in a bosonic quasiparticle), where the ux quanta create a magnetic eddy current
around their electron, eectively screening any Coulomb interaction. For a large enough
magnetic eld, the number of ux quanta per electron (and the eddy eld) is sucient to
regard the system as a set of non-interacting CFs.
However, as CFs consist partly of magnetic ux quanta, part of the external magnetic
eld they experience is cancelled, and they behave like normal particles in a reduced
eld

Bef f :
Bef f = Bext − 2mΦ0 ne

were the electron concentration
for example at

ν = 1/2,

ne

(4.29)

equals the density of ux quanta and

the eective magnetic eld becomes

0,

m ∈ N.

So,

the CFs act as if there

were no eld present. If one increases the eld however, the eective eld also increases
(from

0) and the occurring FQHS can be interpreted analogue to the integer quantum Hall

eect (IQHE) for electrons, including the development of CF-landau levels, separated by
a specic gap energy

∗
Eg = ~ · ωCF

with

∗
ωCF
=
(where

m∗CF

is the eective CF mass, compare section 4.2). With the external eld reaching

a value matching
to

ν = 2/5

~ · e · Bef f
m∗ CF

ν = 1/3,

and so on.

ν ∗ = 2 corresponds
transition from Bext to Bef f is done via
∗
[81].) The CF's lling factor ν is dened

the CF's equivalent of IQHE
(The mathematical

the Chen-Simons-transformation, described in
analogue to equation 4.19 as

ν∗ =

ne · Φ0
|Bef f |

ν∗ = 1

occurs,

(4.30)
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The same holds true for every even denominator fractional in the rst LL, that is for

ν = 1/4, ν = 1/6, ν = 1/8

... (every eld creating a situation were CFs with four, six or

eight ... ux quanta experience a zero eective eld). This results in a general rule covering
all fractionals (that however have to have odd denominators) according to a relation that
derives from equations 4.29 and 4.30:

ν=
were

m

and the CF-LL

Bext may also be reduced
of Bef f increases).

ν∗

from

ν∗
2mν ∗ ± 1

are natural numbers. The

Bν=1/2 ,

(4.31)

±

accommodates the fact that

resulting in the same eects (as the absolute value

In conclusion, the CF picture provides an excellent and intuitive approximation that
received profound experimental support through the years. An excellent agreement was
found in the Shubnikov de Haas (SdH) oscillation behaviour of electrons around

Bν=1/2 .

B = 0 and

Also, the CF's eective mass and thus the energy separation of the CF-LLs could

be determined [82, 83, 84, 85]. Like the hierarchical model, the CF picture also demands the
CF's charge and statistics to be fractional, which could also be experimentally conrmed
([76, 77, 78]).
A fascinating piece was added to the puzzle by Pan et al.

concerning FQHS that

were observed experimentally, but did not t into the genealogy provided by equation
4.31 (for example

ν = 4/11

or

ν = 5/13).

Their ndings indicate that these states stem

from remaining interactions between the CFs, thus being CF-fractionals (just like the CF
integers are Coulomb interaction-driven fractionals of electrons) [86, 87].
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CHAPTER 5.

THE FRACTIONAL QUANTUM HALL STATE AT

ν = 5/2

5.1 The fractional quantum Hall state at lling factor ν
After an ominous

RXX

68

= 5/2

minimum was found in a magneto-transport measurement at a

magnetic eld corresponding to

ν = 5/2

[60], the 5/2-FQHS was discovered by Willett

in 1987 [7]. This nding stirred extensive (and still not concluded) eorts in theoretical
physics for over 25 years. The
function

Ψν

5/2-state

cannot be described by neither the Laughlin wave

nor the CF model due to it's even denominator (5/2 is in fact still the only

even-denominator FQHS whose existence is undisputed) as well as its occurrence in the
second LL. A number of theories were developed to get a grip on this elusive phenomenon
that holds far-reaching possibilities, as it potentially shows non-Abelian quantum statistics
and therefore is a candidate for the realization of fault-tolerant quantum computing ([88,
89, 44, 90]).

5.1.1 The Haldane-Rezayi state
To describe the newly found FQHS, Haldane and Rezayi proposed a wave function describing an incompressible spin-singlet (spin-unpolarized) state formed by two paired CFs.
Experimental support seemed to be provided, as the 5/2 state was found to be destroyed
when a tilted (instead of a perpendicular)

B -eld

was applied.

This was interpreted as

evidence for the unpolarized nature of the state, as the increased Zeeman splitting caused
by the parallel component of the

B -eld

was believed to drive the unpolarized system into

a spin-polarized compressible Fermi liquid [91]. However, the mechanism of the suggested
CF pairing remained unclear.
It is noteworthy though, that for the bigger part of the 1990s the Haldane-Rezayi
state was believed to be the correct solution to the problem  despite the Moore-Read
Pfaan (MRP) state already being proposed  mainly due to Eisensteins ndings [91].
In a seminal publication from 1998, Morf provided a numerical analysis of small electron
systems (N

< 18)

[92].

Not only did he nd the ground state to be unpolarized and

incompressible, but also showed that it had a large overlap with Moore's and Read's wave
function, nally tipping the scales in favour of Moore and Read.
Haldane and Rezayi themselves found that in their model an excitation gap does not
form ([93]), thus ruling out the Haldane-Rezayi state as a valid description for the

5/2

state.

5.1.2 Halperin's 331-state
Halperin's wave function

Ψmmn

was the base of Haldane's and Rezayi's thoughts.

This

construction assumed that the quasi-particles could be described as CF triplets with no
resulting spin (S

= 1, SZ = 0,

other than the later MRP state with

S = 1, SZ = 1).

Initially it was an eort to extend Laughlin's wave function, suggesting that paired electrons
could form Laughlin states for Bosons.

Additionally,

Ψ331

was able to describe paired

electron systems at fractional lling factors with even denominators (such states were
later found in bilayer-systems and it was shown that

Ψ331

delivers the correct description

[94, 95, 96, 97]).

Ψ331 fell from grace as a candidate for the 5/2 wave function, as the correlated
statistics are Abelian and because this state is only expected at very weak B -

However,
quantum

elds in single-layer systems. Additionally, the model is restricted to electron pairs with
opposite spins and vanishes when the two electrons converge.
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5.1.3 The Moore-Read Pfaan state
Some years later, Moore and Read suggested a theory based on the idea that the evendenominator states can be understood as a pairing of CFs comparable to Cooper-pairs
in the BCS theory.

They proposed a spin-polarized (p-wave) triplet wave function, the

Moore-Read-Pfaan state. Greiter et al. ([98]) took up the idea and suggested the MRP

5/2-state. Read and Rezayi conrmed the MRP to exactly describe a ground
ν = 5/2, provided the problem is governed by three-body-interaction ([99]).

for the
at

state

The MRP is given by


ΨM RP (z1 , z2 , . . . , zN ) = P f
were

Pf

Ψν

1
zi − zj


· Ψν

(5.1)

is the Laughlin wave function noted in the last section (equation 4.26) and

is the Pfaan operator


Pf

1
zi − zj


=

1
1
1
1
1
1
·
·
· ... −
·
·
· ... + ... − ...
z 1 − z 2 z3 − z4 z 5 − z6
z1 − z3 z2 − z4 z5 − z 6
(5.2)

What made and makes the MRP state so interesting is not only that it generalizes the
Laughlin wave function to be applicable for

ν>1

and provides a description of condensed

bosons (like Laughlin describes condensed/composite fermions), but it also shows some
additional and fascinating features, which shall be presented here briey.

Charged excitation's charge e∗ = e/4:
As it contains the Laughlin wave function, the MRP state has excitations at fractional
lling factors, carrying the fractional charge

q.

ν ·q

with the composite particle (CP) charge

In Laughlin's picture, the lling factor is dened by

electron density and

5/2,

e

ν = ne ·

h
e·B with

ne

being the

the electron charge. The same holds true for the bosonic CPs at

which contain two electrons each, leading to a bosonic lling factor

νB = nB ·

h
ne
h
1
=
·
= ν
q·B
2 (2e) · B
4

So, the fractional lling factor for Fermions becomes

ν = 1/2

1/8

for

(5.3)

ν = 5/2 = 2 + 1/2

(i.e.

in the second LL) and thus the fractional charge can be calculated:

1
1
e
e∗ = νb · q = ν · q = · 2e =
4
8
4
It is noteworthy that the quantized Hall conductivity
model:

σH = ν ·

e2
h

−→

νB ·

σH

(5.4)
remains unchanged in this

q2
ν (2e)2
e2
= ·
=ν·
h
4
h
h

(5.5)
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Non-Abelian statistics:
Fermionic and bosonic systems can be classied by the nature of the quantum statistics
they obey. Those can be illustrated by the occurring symmetries if one exchanges the two
parts of a two-particle wave function|ψ1 ψ2 i adiabatically. If the wave function after the
exchange equals the initial one except for the sign,

|ψ2 ψ1 i = ± |ψ1 ψ2 i
it is called symmetric (bosonic) or anti-symmetric (fermionic). In two dimensional systems,
interchanging the two particles can cause not only a change of sign, but an arbitrary phase
factor as well:

|ψ2 ψ1 i = eiθ |ψ1 ψ2 i
As the phase angle

θ

can adopt any value between

such statistics are named any-ons [100].
anyons; at a fractional lling factor
The MRP theory for

ν = 5/2

ν

0

and

π,

(quasi-)particles showing

Laughlin's CFs for example belong to these

they are expected to have the phase angle

θ = ν · π.

now includes that the CPs show a more exotic statistics

called Non-Abelian anyonic statistics ([88, 99]), which requires a rather complicated matrix
operator.

The predicted applicability of Non-Abelian particles for topological quantum

computing mentioned above as well as the fact that such a property is still to be found
experimentally, drove the continuous interest in the

ν = 5/2-state in general and the MRP

state description as a tool to understand it.

5.1.4 The Anti-Pfaan
Despite it's indisputable advantages, the MRP state also has its weaknesses. One of them is
that it represents the ground state of a three-body Hamiltonian that violates the particlehole symmetry at

ν = 1/2,

which is an essential part of any model for the

5/2

FQHS.

Assuming an ideal two-body Hamiltonian, the MRP and it's particle-hole conjugate, the
Anti-Pfaan (proposed by Levin [101] and Lee [102]) degenerate exactly. However, in nonideal circumstances, Landau level mixing (LLM) comes into play, giving rise to three-body
interaction, breaking the symmetry of MRP-Anti-Pfaan. This indicates that both represent dierent states. Especially if the level of LLM is not too high (which is typically the
case at magnetic elds where
for a

5/2

5/2

is observed), the Anti-Pfaan is a promising candidate

wave function.

Luckily, several dierences between MRP and Anti-Pfaan have been formulated that
may be accessed and tested experimentally.

kXY

is expected to be

1.5

for the MRP and

For example the thermal Hall conductivity

−0.5

for the Anti-Pfaan; also a temperature

dependence is expected for weak tunnelling between the edges of a narrow QPC:

T −3/2 (MRP) and

RXX ∼

RXX ∼

T −1 (Anti-Pfaan).

Such experiments may additionally shed light on the role that Landau Level mixing
itself plays in the FQHE, which still waits to be completely understood.

5.2 Open questions and challenges to the MBE grower
As we showed above, the theoretical understanding and experimental realization of the

ν = 5/2

state made continuous and substantial progress over the last 30 years. However,

the picture is still far from being complete.

Until today it is not clear (or at least not
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state correctly, and  related to that

question  what exactly are the properties of this enigmatic state, as Morf dubbed it so
accurately:
- Is it spin-polarized or unpolarized?
- What is the charge of it's fractional excitations?
- Where is the limit for the activation energy and what causes this limit?
- Does it follow non-Abelian quantum statistics?
A vast number of experiments have been performed on 2DEG samples exhibiting the

5/2 state to acquire answers and support or contradict the theoretical approaches, starting
from early tilt-eld transport measurements to nd the polarization ([91]) up to the point
of interferometric devices that promised not only the detection of

e∗

and investigation

of the possible non-Abelian quantum statistics, but also the realization of rudimentary
quantum computing ([103]).
These eorts have provided numerous results that, for the rst two questions, yielded
convincing results, whereas in the latter two the eld is still open.

Spin-polarization:

Theory predicts in general consensus a full polarization ([92,

104]), although there is an analysis indicating otherwise and pointing to a non-polarized
(or at least not fully polarized) state ([105]). Likewise, the experimental view leans heavily
towards a fully polarized state. While photoluminescence experiments found the

ν = 5/2

lling factor to be unpolarized ([106]), data gained from NMR measurements ([107, 108]),
inelastic light scattering ([109]) and conductivity measurement via surface acoustic waves
([110]) yielded the matching and widely accepted result that the

Excitation charge

e∗ :

The quasi particle charge at

5/2 state is fully polarized.

5/2

can be derived indirectly

from measuring the tunnelling current from one edge of a QPC to the other ([111]),
analysing the noise level of the

5/2

state ([112, 113]) or by investigating the interfer-

ence of the reected edge currents in a QPC ([114, 115]). Consistently, all experimental
results point towards

e∗

being

e/4,

although hard evidence is still waiting to be provided.

For example, the tunnelling current experiment suered from poor accuracy in terms of

e∗

determination (a best-t approach in fact yielded highest probability for

e∗ = 0.17 · e),

while the reectance measurement also indicated the presence of a quasi particle charge of

e/2.

Activation energy:
scription of the

5/2

While there is a continuous progress in the theoretical de-

state, the quantication of it's activation energy

an unsolved problem.

∆Gap

persists to be

While there are models around that convincingly predict

∆Gap ,

and the experimental determination of the gap energy of any proper sample is routine by
now, theoretical and experimental results couldn't come together yet.

Already in 1993,

Störmer showed that experimentally obtained activation energies for FQHS in the rst LL
agree beautifully with theoretical predictions ([116]). Meanwhile, for the
experimental gap energies reach values around

450 mK

ν = 5/2

state,

([117, 118]), but theory predicts

1.5 − 2.5 K .
A step forward was Pan's comparison of several gap energies ([117]). He noted
not in thermal but in units of the Coulomb energy

e2
e2
EC =
=
·
4πε · lB
4πε

r

e · B5/2
√
e2
= √ · ne
~
2ε 5π

∆Gap
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depends on the magnetic eld at
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1/µ
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of a sample, as the magnetic

ne ). By
1/µ = 0, i.e.
2 − 3 lower than

(which in turn scales with

he excerpted

∆Gap = 0.006 EC

for a perfect, disorder-free sample of innite mobility - still a factor of

for

calculations for a similar structure predicted (0.016 EC , in [119]). Thus, a broadening term
∆broad , accustomed to LLM was introduced such as ∆T heo = ∆Gap + ∆broad . However, this
approach is dissatisfying, as the mechanics of LLM with respect to it's inuence on the 5/2
state is not fully understood. The correction term being bigger than the experimental value
emphasizes that the majority of contributions to the

Non-Abelian quasi-particles:
have been published predicting the

5/2

gap still waits to be conceived.

Over the years a number of theoretical results

ν = 5/2 state exhibits non-Abelian quantum statistics.

However, so far no experimental evidence for any non-Abelian (quasi)particle in nature has
been found. Ultracold atoms in optical lattices, frustrated spin chains, Josephson junction
arrays or the even more fragile

ν = 12/5 FQHS are other potential, but likewise non-proven

candidates.
In terms of the

5/2 state
ν = 5/2

the discoverer of the

the only set of experiments known to us was performed by
state, Robert Willett. In the edge state interference experi-

ments used to deduce the fractional charge as

e/4

(mentioned above), Willett observed a

quasi-particle behaviour that was consistent with what one would expect for non-Abelian
particles, but cannot hold up as evidence.
As Willett states in his recent review to the FQHE at

ν = 5/2

(which is hereby recom-

mended to the reader) [120], the scarce number of experiments and the lack of convincing
results must be accustomed to the high demands such investigations make to the sample
material: The base 2DEG must be of high electron density, excellent mobility and treated
by means of illumination. Further, these feats must last through the extensive and complicated processing required for interferometry devices.
All the uncertainties and unanswered questions outlined above emphasize the need for
ongoing research and optimization in the eld of sample processing and, even more, the
actual production of samples, i.e. MBE growth. Putting it bluntly: Better samples allow
for more precise experiments, leading to better results and deeper understanding of the

ν = 5/2

state and the FQHE in general.

It is obvious that higher gap energies had and will have a fundamental impact on the
experimental arsenal the physicist has at hand. The fragility of the

5/2 state alone, forcing

any experiment to be conducted in ultracold environments poses a serious challenge.

GaAs/AlGaAs structures (which are so far the only ones available for studies on the 5/2
state) sporting high gap energies all belong to a small species of samples having very high
mobilities (>

20 · 106 cm2 /V s)

and a narrow range of electron density (∼

3 · 1011 cm−2 ).

Achieving these feats requires for example that the 2DEG resides rather far below the
sample surface (300 nm is a typical value), which naturally limits the accessibility for any
means of measurement.
Would the growers succeed in widening the small scope of electron density to considerably lower as well as higher values, vital information could be gained. For example, close
investigations on the

5/2

state in low- and high-magnetic eld environment would become

possible, shedding light on the debate whether the MRP or the Anti-Pfaan state (as
mentioned above) describes the state correctly (at least in the respective

B -eld

regime).
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Also, nature and inuence of LLM (and therefore the empirical energy broadening)
could be claried, as LLM is expected to be strong (relatively speaking) in weak magnetic
elds (as the energetic separation between LLs is small), and weak at high

B -eld

values.

Another serious problem is the need for illumination to obtain high gap energies, contradicting the use of any large-area top-gate technique. Additional to this, it is not even
clear what factor in a sample denes it's gap. As mentioned, very high gap energies tend

∆Gap does not
= 220 mK , compared

to be accompanied by ultra-high mobilities, but there is ample proof that

28 · 106 cm2 /V

µ=
s and ∆Gap
µ = 15 · 106 cm2 /V s and ∆Gap = 500 mK ). Even in the realm of low mobilities
7
6
2
below 10 · 10 cm /V s fully developed 5/2 minima have been observed ([9]). So, a

simply scale with mobility (see [117]:
to [121]:
well

deeper understanding of what mechanisms limit the gap energy has to be acquired, and
then these mechanisms have to be removed from the picture by the growers.
A hot topic for such sample optimization will surely be the problem of density variations through a sample, which causes interference in any experiment: Having areas of
variable electron density in a sample, dierent electronic/CP states may coexist at any
given magnetic eld.
Finally it is worth to mention that many experiments in this eld were performed at
a time were samples were of considerably lower quality (compared to today), and most
theoretical work is based on these experiments.

Repeating them with modern methods

and materials may conrm and specify the ndings and allow for revised and completely
new approaches (theoretical and experimental likewise) to this still standing and current
issue.

5.3 Determination of the 5/2 gap energy
Characterizing a 2DEG structure with respect to electron mobility and density can be done
fairly quick and easy at moderate temperatures of

1K

and above, as described in section

4.1.3. Determining the activation energy of a FQHS requires much higher eort. Due to
the fragile nature of these states, characterization has to be performed at temperatures
in the

mK

range. The temperature dependence of the longitudinal resistance has to be

analysed at a magnetic eld corresponding to the respective lling factor


RXX ∼ exp

∆Gap 1
·
2kB T

ν,

given by


(5.6)

where RXX denotes the longitudinal resistance, ∆Gap the activation energy and kB =
1.38065 · 10−23 J/K is the Boltzmann constant. By means of an Arrhenius plot, ∆Gap can
be calculated from the plot:

 
1
ln (RXX ) ∼ a ·
,
T
An example is shown in gure 5.1.

a = ∆Gap ·

1
2kB

To the left, a number of

(5.7)

RXX

traces of one of

our high-µ 2DEGs is shown, measured at dierent temperatures in the range of

100 mK

(colour codes). The B-eld axis covers the area corresponding to

10 to
ν = 5/2. An

Arrhenius plot of the resistance minima vs. inverse temperature shows a linear dependence
of

ln (RXX ),

red line.

with a slope of

0.0617,

noted in the picture to he right and denoted by the

The slope equals half the activation energy in units of thermal energy, thus

∆5/2 ≈ 120 mK .
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Figure 5.1: Left: Temperature dependence of the longitudinal resistance minima of a high-µ 2DEG at a

ν = 5/2 (characterization temperatures are colour-coded). Right: Arrheln (RXX ) vs. 1/T . A linear t of the slope (red line) yields a value for 12 ∆Gap in units of
energy; ∆Gap ≈ 120 mK .

magnetic eld corresponding to
nius plot of
thermal

It is common to note

∆gap

not only in

mK ,

ECoul =
with



being the permittivity of

GaAs

but also in units of the Coulomb energy

e2
4π ·  · lB

(5.8)

at low temperatures,

 = 12.9 · 0

and

lB

the

magnetic length, dened by

r
lB =
B

~
e·B

(5.9)

is the magnetic eld that depends on the 2DEG's electron density

tion 4.18) and is dened for

ν = 5/2

n (compare equa-

by

B5/2 =

n·h
e · 5/2

(5.10)

Inserting equations 5.9 and 5.10 into 5.8, one gets an expression for

ECoul

normalized

to the 2DEG's density:

r
ECoul =

0.8 e2 √
·
· n
π 4

The approximative value expresses
density inserted in
energies

1011 cm−2

∆Gap /ECoul .

ECoul

≈ 64900 ·

in units of

√
n

mK

(5.11)

thermal energy with the

and allows for a density-independent comparison of gap
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MBE system. The most important components are marked: Growth cham-

ber (1), Buer chamber (2), Loadlock (3) and the main cryopump (4).

The MBE system that was used for this work is a modied Varian Gen II setup, which
is one of the most popular systems among the world's leading MBE research groups. A
photograph of our high-mobility setup (which is one of a total of three MBE systems
located in our Zürich laboratory) is shown in gure 6.1.

As it is designed to handle

two inch substrates, the Gen II is a rather compact and user-friendly setup, which can
be maintained and optimized with relative ease  although it is not well suited for high
sample throughput, considering a practical average of two growth runs per day.

This

makes our setup the complete opposite to industrial production setups as for example the
Riber MBE7000 or Veeco's Gen2000. In these systems up to three substrates with

200 mm

diameter can be processed simultaneously (or, if one wishes, up to 42 two inch wafers).
Generally one can say the smaller a system, the higher the cost-per-wafer ratio. However,
the better is the achievable sample quality.

6.1 The growth chamber
Heart and centerpiece of our high-µ setup is the growth chamber itself (marked (1) in gure
6.1). It is a stainless steel container with a diameter of about

60 cm.

Numerous ports are

attached holding the various components as eusion cells, manipulator and measurement
equipment. The usual cell conguration for the high mobility setup (which is internally
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referred to as the D-chamber; we'll adopt the naming further on) consists of:



A large group V source - the arsenic valved cracker cell.



Two gallium cells with dierent crucibles (a SUMO and a standard Lamuire design,
see section 2.5). Redundancy in terms of gallium sources has proven to be a valuable
feature, as it allows for loading dierent batches of puried source material.

As

explained in the growth material section (section 2.4), the purity of manufacturerprovided gallium is a bit of a gamble.

Fatal levels of contamination in the source

may still be well below common detection limitations (for example, in the growth
campaign

2010 − 2013,

two nominally identical charges of gallium were used for the

two cells; the usage of one allowed for 2DEG mobilities above

23 · 106 cm2 /V s,

while

6
2
samples produced with the other cell never reached 4 · 10 cm /V s). If one material
batch turns out to cause bad sample quality, a fall-back in the form of a second gallium
source can (and has) save(d) the grower from a chamber-opening immediately after
starting the growth campaign.

Additionally, dierent crucible designs have shown

to allow for greater exibility in terms of sample surface quality.

Empirically, the

conical crucible has shown to produce samples with signicantly smoother surface,
albeit at the cost of inferior mobility. Also, multiple cells allow for abrupt changes
in growth rate, which may be favourable for specialized applications.



One or two aluminium cells (again a large source holding a SUMO crucible and
optionally a second conical one). Initially this setup was chosen to have the same
fall-back option as with the gallium cells. However, aluminium purity levels did not
seem to vary in a measurable way through the batches, and the amount of aluminium
in a SUMO cells always outlasts the gallium supply; therefore, the second aluminium
cell can be abandoned to have a free slot for a viewport or  in our case  a small,
shuttered arsenic cell.



An indium source, as the last relevant group III material for

GaAs/AlGaAs

MBE.

Required for the production of self assembled quantum dots, an indium supply was
included in the D-chamber, as the quantum dot samples ask for an underlying 2DEG
structure of maximized quality.



Two doping cells with a carbon lament for p-type and three (independently heatable)
silicon slabs for n-type doping.

The respective eusion cells are numbered according to their position on an imagined clock
face, seen from the substrates' point of view: The gallium cells are located roughly at the
four- and eight o'clock position and therefore referred to as Ga4 (loaded with a SUMO
crucible) and Ga8 (conical crucible). Likewise, the aluminium cell is named Al5, indium
In7, arsenic As10 (main source, a valved cracker cell) and As2 (secondary source), and
nally the silicon and carbon doping cells as Si1 and C11.
A number of ports in the growth chamber is used to accommodate the various measurement systems described in section 2.7: RHEED gun and the matching phosphor screen,
a bakeable viewport for pyrometry, a quadrupole mass spectrometer and an extractorionization gauge. Additionally, the growth chamber features ten conventional viewports
for optical control of the chamber's interior and of course several bigger anges to attach
manipulator, cryo-pumps and transfer-section.
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To separate the individual UHV chambers and cryopumps, all-metal gate valves from
VAT are employed.

Their sealing consists of specially prepared stainless steel surfaces

pressed onto each other with great force. The tightness of such systems is superior to those

< 10−10 mbar · l/s by the
−9 mbar · l/s1 .
manufacturer, while for example viton-sealed valves reach a leak rate of < 10
Also, the metal sealings can withstand temperatures above 200° C that are reached during
employing elastomer seals: A metal seal's leak rate is specied as

bake-out.
To ensure the exceptional vacuum quality needed for high-class sample production, the
inner walls of the chamber are electro-polished and all ports are sealed with copper gaskets.
A cryo-shroud  basically a hollow-walled inner chamber with openings where needed 
provides most of the pumping power. The shroud is lled up with liquid nitrogen from
an external reservoir and therefore remains at a temperature of

77 K .

This causes most

residual gases except for the lightest elements to stick to the shroud whenever they come
in contact with its walls.
A second benet of the cryo-shroud is it's ability to disperse and lead away the thermal
load e.g. from heated eusion cells (dissipating in the range of

100 − 150 W

each), which

greatly helps to avoid hot spots and the accompanying outgassing of the stainless steel
parts of the growth chamber.
A huge cryo-pump with a ange opening of

5000 l/s N2

400 mm

and a pumping capability of

is sitting on top of the growth chamber (marked as (4) in gure 6.1), a smaller

one is mounted to the underside (opening

200 mm and pumping capability of 1500 l/s N2 ).

The fact that the smaller cryopump alone would be sucient to keep the chamber's
UHV intact says a lot about the care that is taken to retain exceptional vacuum quality
under any circumstances.
A titan-sublimator pump is also implemented into the chamber and regularly used at
the beginning of a growth campaign or after the dreaded (but in the long run unavoidably
occurring) vacuum-leakages to catch away volatile residuals that would otherwise require
weeks of conventional pumping.

6.2 The transfer section
A crucial part of an MBE setup is the transfer section. In modern systems like ours, it is
separated into two small UHV chambers, being called the buer chamber and the loadlock.
They are marked as (2) (buer) and (3) (loadlock) in gure 6.1; both feature their own
cryopumps, pressure gauges and heating facilities. Every substrate passes the stages of the
transfer section, undergoing several thermal cleaning processes to reduce contamination of
the growth chamber to an absolute minimum.
The loadlock is the only vacuum-part of the setup that comes in contact with air
 although as briey as possible.

Grown samples are removed and fresh substrates are

loaded via the loadlock. The loading procedure involves (un)loading the substrates from
the tantalum blocks described in section 2.6 and is performed exclusively with special tools
by an operator wearing cleanroom garment (for the purpose of protecting the substrates
from contamination by the human rather than vice versa).
In the loadlock, the substrate holders undergo a thermal cleaning procedure that takes
several hours at temperatures of

1

from http://www.vatvalve.com

200◦ C .

Water deposits stemming from air moisture and
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 mainly  volatile impurities on the substrates are eciently removed, allowing for a
pressure in the low

10−10 mbar

range after bakeout.

With the general bakeout done, the substrate holders are transferred to the buer
chamber, where they  one by one  are subject to a second bakeout process, this time at
temperatures above

450◦ C .

In the buer chamber, a pressure in the

10−11 mbar

range is easily reachable. A tem-

porary pressure increase by two orders of magnitude can be observed during bakeout. It
is obvious that such amounts of impurities entering the growth chamber on a daily basis
(although pumped eciently), would eventually cause fatal contamination, especially given
the fact that substrate and holders are heated to even higher temperatures (up to

650° C

for GaAs-structures) during growth. This three-staged loading procedure, along with the
subsequent bake-outs, has made the production of high mobility 2DEG structures possible
in the rst place (e.g. [26]).
Some MBE setups also feature a hydrogen plasma source in order to clean the substrate's surface prior to growth. Such a system is installed in our setup as well, but not
used.
Moving he substrate holders from the loadlock to the buer chamber and handling
the holders themselves requires of course a means of manipulation.

This is realized by

transport trolleys and transfer rods, which are made from stainless steel and thoroughly
baked out before use. To avoid abrasion in the UHV environment, trolleys and rods are
coupled magnetically to the chamber's outside.

6.3 Monitor and Control
An essential part of any setup is command & control, which is for the most part computerized. Beginning with a digital camera used to analyse the RHEED signal, via a set of
Eurotherm PID controllers to set and keep temperatures of eusion cells, bakeable windows
and the various heating stations (in loadlock, buer and manipulator), down to the actual
growth run itself. The latter is controlled by a computer program that was developed by
former group member Jörg Ehehalt at the University of Regensburg (see gure 6.2).
It allows to process a structure's recipe containing layer composition, layer thicknesses, growth interruptions, substrate temperatures and even varying growth rates. The
recipe is transformed into a series of appropriate commands for temperature controllers,
power supplies and cell shutters such that the growth runs automatically. In Appendix A
several examples of such a growth recipe are shown and demonstrate the possibilities the
growth program gives the operator at hands.
In order to keep track of what happened during a run, all important information can be
logged  not only concerning the actual growth run (allowing the operator e.g. to notice if
any single layer having the wrong thickness), but also data on chamber pressure, cell and
substrate temperature and so on.

6.4 Power/coolant supply and fail-save
To function properly, a modern MBE setup needs a powerful infrastructure, as it requires
approximately

12 kW

of electrical power,

20 l

liquid nitrogen per hour and a constant

supply of cooling water, pressurized air, nitrogen and puried argon. While meeting such
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Figure 6.2: The program Growth control oers various control options: (1) A growth recipe with specic
commands e.g. for layer composition and thickness can be entered. (2) Growth rates, obtained e.g. from
RHEED have to be given to calculate appropriate shutter timing. (3) A log le is generated to retrace all
commands of the recipe afterwards. (4) Single cell shutters can be opened manually as well. (5) A timer
can be set for the setup to be in growth or standby condition after the run is nished or at a desired time
of day. (6) All eusion cell temperatures can be set individually. (7) Manipulator control to directly set
the two axes of the manipulator (rotate and pivot) and it's heating power. (8) Setting for heating stations
in buer chamber and loadlock and for the pyrometer viewport.
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requirements does not sound very challenging,
it becomes a dierent story when one considers
that our laboratory holds three MBE setups,
and that even a split-second blackout can easily cause a fatal accident compromising the vacuum quality (for example, when the compressors supporting the cryo-pumps shut down and
the emergency closing of the associated valves
malfunctions...).
Therefore, in terms of electric power supply,
critical equipment is protected via four independent uninterrupted power supplies. Emergency
reservoirs of liquid nitrogen and pressurized air
protect the system against a cut o of these supplies.
Overall, even in case of a total shutdown
of power, nitrogen, cooling water and pressurized gases, the system stays fully operational
for 45 minutes, keeps the vacuum in the growth
chamber at normal level for about six hours and
prevents severe damage to critical equipment
(mainly a potentially fatal freeze-out of source
materials) for more than 16 hours.
Coupled with a built-in alarm system and
along with the most important measurement
and monitoring equipment buered for more
than a day as well, this gives the operator ample time to identify and eliminate the problem

Figure 6.3: Power supplies and display equip-

(or at least nd an acceptable makeshift ar-

ment: Pressure gauges (1), temperature dis-

rangement, which is the most long-living solution anyway).

plays (2), shutter control (3) and power supplies (4).
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Testing the quality of 2DEG samples  and with that the positive or negative eect of a
change of growth parameters  is an essential part of an MBE grower's business. Feedback
information is achieved mainly via magneto-transport measurements, performed at low
temperatures, from which the most important features of a 2DEG can be obtained.
Hereby, the utilization of dierent techniques and setups is required. Electron mobility
for example does barely change below

1 K,

while the

ν = 5/2

FQHS is not even visible

until much lower temperatures are reached.
On the other side, as temporal and nancial eort increases greatly with lower temperatures, it is unreasonable to bring a sample down to

10 mK

for a simple mobility-density

characterization. To this end, to provide feedback as fast and ecient as possible, three
dierent types of cryogenic devices were utilized in this work, depending on the type of
information (and therefore temperature range) required: Above
very low temperatures

1 K , 250 − 1000 mK ,

and

< 20 mK .

The rst two setups are located in our lab in Zürich, whereas data from the challenging

mK

range were provided from dierent setups at the ETH Zürich, the MPI Stuttgart and

the University of Basel.

7.1 Above one Kelvin: The dewar system
Ideal for fast characterization and therefore providing a short feedback loop is the dewar
cryostat system depicted in gure 7.1 a).

It consists of two nestable components: The

magnet rod and the sample rod. The magnet rod contains a superconducting magnet coil
that ts through the orice of a standard helium dewar; with the magnet immersed in
liquid helium, it attains superconductivity and allows for B-elds of up to

±6.5 T .

The sample rod is inserted into the magnet rod. A needle valve allows to bathe the
sample rod with liquid helium, setting the measurement temperature to

4.2 K .

When

evacuating the hollow magnet rod (where the sample rod resides) with closed needle valve,
measurement temperature can be reduced to about
sures in the low

mBar range).

1.3 K

(helium's boiling point at pres-

As the samples are still immersed in liquid, the temperature

setting is stable until all of the trapped helium has evaporated due to thermal load from
the warm outer helium bath and thermal conduction from the sample rod (secure measurement time is one to two hours, depending on the initial ll level).
The sample rod also features a red LED (λpeak
wish.

≈ 740 nm)

to illuminate the samples at

Characterization measurements are performed using standard Lock-in techniques,

and usually include mobility determination (four-point resistivity measurement and Hall
characterization) and recording Shubnikov-de-Haas and Hall traces (as described in section
4.1.3), both in dark and illuminated state.
With this system, quick characterizations of about 10 samples per day are possible.
Note that, by carefully regulating the pumping power, any temperature between
and

4.2 K

can be set to investigate temperature dependent eects in this range.

1.3 K
This

possibility has however not found wide use, as the exciting physics happens well below

1 K.

7.2 Sub-Kelvin: The Oxford 3He cryostat
The temperature range below one Kelvin can be accessed with the same technique as in
the dewar system, only with

3 He as working medium instead of 4 He. The extremely rare
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b)

a)

c)
Figure 7.1: Common types of cryostats for 2DEG characterization: a) Evacuable dipstick system, base
3
temperature 1.3 K . b) He cryostat, base temperature 250 mK . c) Dilution refrigerator, base temperature

< 10 mK .
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at atmospheric pressure and at

0.25 K

in vacuum; compared to

4.2 K and 1.3 K for 4 He. This overlap allows the use of 4 He at low pressures to condensate
3 He into liquid form. Evacuation of the 3 He supply then leads to a further cooldown.
3 He in a closed cycle is of course
3
mandatory. Sucient thermal contact is provided by enclosing (part of ) the He supply
4
3
by the (pumped) He, and by a massive copper cold nger coupling the sample to the He
Due to it's high cost, condensation and evaporation of

supply. This design was implemented in the

3 He cryostat manufactured by Oxford that is

used in our lab at ETH Zürich (see gure 7.1 b) for a schematic drawing). Thanks to a
built-in electrical heater, the sample temperature can be regulated in the range of

0.25 K

4
(base temperature) to 1.5 K (temperature of the He condensator). However, the heater
3
vastly increases the evaporation of He and thus reduces measurement time signicantly.
Despite the  compared to the dewar system described above  very long cold time
beyond 20 hours, time is an issue for two reasons.
First, the

3 He cryostat features a much more powerful magnet, capable of generating

magnetic elds of up to

16 T .

Such high elds have to be approached slowly as the energetic

load otherwise would heat the coils above their critical temperature, thus causing the
magnet to lose superconductivity and dissipate the stored energy rapidly into the liquid
helium bath (called a quench, pretty scary when large amounts of helium are involved).
Second, the low target temperatures require much lower measurement currents than
e.g.

in the dewar system.

For example, a current of one

2DEG structure causes a heating eect of more than
substantial at

250 mK .

For that reason, currents of

µA

driven through a typical

10 mK - negligible at 1300 mK , but
100 nA are commonly used in 3 He

cryostats, which in turn require signicantly longer integration times to provide a good
signal-to-noise ratio.
So, recording a SdH and Hall trace utilizing the full magnetic eld range takes about
ten minutes in the dewar system, but can easily exceed ten hours in the

3 He setup. This

limits the daily sample throughput to two or three. However, this characterization method
is still worth the required eort, as, for example, at temperatures below

1K

a variety of

FQHS emerge.

7.3 Millikelvin range: Dilution refrigerators
As mentioned in chapter 5, there is a number of extremely fragile quasi particle states
in high quality 2DEG samples, which have thermal activation energies well below one

ν = 5/2 with the highest activation energy
ν = 7/3 (with EGap = 675 mK ) and ν = 8/3

Kelvin. The most prominent are the FQHS at

EGap reported to date
(EGap = 380 mK ), see

560 mK

being
[65].

,

This means that even with the best samples worldwide at

hand, one needs temperatures below

300 mK

to just notice the mere existence of these

states, and of course a much colder environment to quantize and investigate them.
The only cryogenic device capable of providing temperatures in the low Millikelvin
range for extended periods of time is the dilution refrigerator. It may be considered the

3 He cryostat, as it also applies liquid 4 He for precooling and
3
(in a pumped container) to condensate He. The actual sample cooling power however does
4
3
not come from evaporation of He or He, but from a phase transition between (almost)
next step of evolution after the

3 He liquid and a dilute mixture (hence the name) of 3 He and 4 He.
4
3
In the presence of He and below a critical temperature of 0.87 K , He tends to mix
4
3
with He until a He content of about 6.4 % is reached. Additionally, the vapour pressure
pure
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3 He under such conditions is three orders of magnitude higher than that of the heavier

isotope.
So, if a mixture of both heliums is inserted into the mixing chamber, two separate liquid

3 He and the lower, dilute phase
4
3
3
with 93.6 % He and a constant 6.4 % He. If evaporating He is removed solely from the
3
lower phase, there is a constant ow of He atoms through the phase boundary to maintain
phases develop: The lighter one consisting of almost pure

the favoured concentration. This phase transition requires thermal energy drawn from the
environment  the mixing chamber and the immersed or thermally coupled sample.
Theoretically, there is no limit (given ample time) to the base temperature other than
absolute zero. However, a practical limit is at

2 mK

due to decreasing thermal conductivity

and increasing viscosity and thermal resistance of the cooled uid.
This constraint however is not fatal, as in such temperature ranges it is much harder to
cool the electrons in the sample than the sample itself. The lowest electronic temperatures
while still performing magneto-transport measurement (typical measurement currents are

1 − 3 nA)

are around

4 − 5 mK

([122]), although this temperature was reached with a

complicated setup where the sample was soldered directly to a set of sintered heat sinks
and immersed in liquid

3 He.
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8.1 Transport scattering time τ
Usually, the quality of a 2DEG structure  and with that the positive or negative outcome
of a growth experiment  is determined by the already mentioned magnetotransport characterization, yielding electron density

n

and mobility

µ.

The electron mobility is governed

by the interaction of electrons with various scattering sources, which dene the average
scattering time

τ

according to

µ=
τ

e·τ
m∗

(8.1)

is the average time of ight for an electron between two scattering events.

This to-

tal scattering time is composed of the individual values of the dierent scattering types,
according to Matthiesen's rule:

1
1
1
1
1 X1
=
=
+
+
+
+ ...
τ
τi
τBI
τRI
τIR τP h
where

τi

(8.2)

denotes the individual scattering times.

It is important to understand that a given scattering mechanism does actually not
lower or raise the mobility of a 2DEG, but it rather sets the maximum mobility value that
is possible:

1
µres
µres

=

X 1
1
1
1
1
=
+
+
+
+ ...
µi
µBI
µRI
µIR µP h

is the resulting total electron mobility and

µi

(8.3)

denotes the limit set by each indi-

vidual scattering process.
Figure 8.1 illustrates the individual mobility limits set by these scattering processes
and how they sum up to a nal mobility that can be obtained by a magnetotransport measurement. The blue line in the gure indicates for example the summarized inuence of all
temperature dependent scattering mechanisms in an otherwise perfect sample (absolute
limit). The dashed black line denoted with inherent limit additionally takes remote impurity scattering into account, and the red line also considers a (for the time) realistic level
of background impurities.

While the mobility scale is severely outdated (the gure was

originally published in 1984 [123]), it illustrates nicely that eliminating one scattering process completely just removes this specic mechanism's inuence, which doesn't necessarily
increase the mobility. So, for example, a growth parameter adaptation aiming at reduction of background impurity scattering may very well be successful, but still go completely
unnoticed if the sample's mobility is governed by e.g. interface roughness scattering.

8.2 Types of scattering mechanisms
A variety of scattering mechanisms have been suggested and their eect on 2DEG mobility
discussed [51, 124, 125, 32, 28].

8.2.1 Background impurity scattering
Background impurities (BI) stem from residual gases in the chamber's non-perfect vacuum
and from impurities in the material beams, unintentionally incorporated into the crystal
during growth. They can be divided into neutral and charged BIs. The latter cause not
simply mechanic collisions, but also coulomb interactions between charged particles. As
BIs are distributed equally through a grown structure, they are also located in the 2DEG
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Figure 8.1: Mobility limits dened by various scattering processes, plotted vs.

temperature.

The blue

line denotes the absolute limit, i.e. the mobility of a perfect 2DEG sample, only limited by temperature.
The red line indicates the sum of all scattering limitations in their shown severity and thus the resulting
electron mobility. Please note that the mobility scale and the quantitative relation between the respective
limits are outdated; currently, the total limit is about a factor of 50 higher (after [123]).

channel and thus charged BIs are the dominating scatterers in all modern 2DEG structures
 held responsible for

> 80 % of all scattering events ([26, 32]).

In fact, as we saw in chapter

3, substantial enhancements in 2DEG mobilities were mostly achieved by optimizing the
sample's purity.

In theory, reducing the BI-level in the world's top MBE setup by one

order of magnitude would lead to a tripled electron mobility of

100 · 106 cm2 /V s

([28]).

8.2.2 Remote ionized impurity scattering
Ionized donor atoms, that are usually incorporated in the form of a thin layer separated
by several

10 nm

from the actual 2DEG, are called remote impurities (RI). Similar to

CBIs, the scattering mechanism is the coulomb interaction between electrons and those
statistically distributed donors. For small setback distances, its contribution to the total
mobility limit may become dominant.

Lee evaluated the mobility limit

µRI ,

set by RI

scattering, to

µRI ∼ (n2DEG )3/2 ·
where
and

d

Ndop

is the ionized dopant density,

1
· d3
Ndop

n2DEG

(8.4)

the electron density in the 2DEG

denotes the distance of the doped region from the 2DEG ([51]).

achievable electron density varies as

1/d

([126]). Assuming

For large

n2DEG = Ndop

d,

the

(any electron

removed from the doping layer contributes to the 2DEG), from equation 8.4 a setback
dependence of

µRI

can be derived as

µRI ∼ d2.5

(8.5)
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Therefore, high-mobility structures feature large setback distances, and various methods to screen the RIs' coulomb potential.

Despite it's low impact on electron mobility,

RI scattering was found to be a crucial mechanism to limit the activation energy of the

5/2-FQHS

([3, 8, 10]), see also section 8.4.

8.2.3 Interface scattering
Electron scattering may occur due to surface roughness (interface roughness, IR) at the heterojunction and the random distribution of aluminium atoms in the

AlGaAs setback layer,

with a resulting band edge uctuation (alloy disorder, AD). Both eects are however hard
to isolate and examine experimentally. Theory predicts a mobility limitation that scales
with electron density, becoming signicant only at high electron densities (>

1012 cm−2 )

[127], which was also observed experimentally ([10]). For AD-scattering a similar behaviour
is predicted ([51]). However, as only a very small portion of the electron wave function is
located at or beyond the interface (compare gures 3.5 b) and 13.2 a)), there is common
consensus that AD-scattering plays a minor role as mobility limit.

8.2.4 Phonon scattering
Phononic excitations in a GaAs/AlGaAs structure can be divided into polar optical and
acoustical phonons.

The optical phonons' coupling to the 2DEG electrons is too weak

to have a measurable eect at typical measurement temperatures (below

10 K ).

Acoustic

phonons resulting in a deformation potential or a piezoelectric eld make an important
contribution in the intermediate temperature range, that is between ca.

80

and

10 K .

For the typical characterization temperatures of liquid helium (4.2 K ) and below, other
mechanisms are dominant. According to simulations by Hwang et al. [28], a BI level of

1014 cm−3

limits

4K

electron mobility to

6.5 · 106 cm2 /V s,

while the phonon-covered limit

7
2
is three times higher, 2.2 · 10 cm /V s. However in 2DEG samples of very high quality, the
freezeout of acoustic phonons can still cause an increase of mobility by up to
lowering measurement temperature from

1K

to

0.1 K .

10%

when

The quantity of this eect may

therefore be used as a measure of BI level.

8.2.5 Intersubband scattering
In 2DEG samples with high electron densities, more than one subband is populated with
electrons. In such cases, (electron-electron) scattering between the (two) subbands occurs,
reducing electron mobility.

Also, the second subband forms so-to-speak its own 2DEG

suering from all scattering mechanisms described above, albeit with a much lower electron
density and mobility, compared to the rst one. Such a system shows a combined mobility
that saturates and even decreases with further density increase ([128, 129]). However, a
relevant population of the second subband does not happen before electron density is well
above

3.5·1011 cm−2 , even for modern high-mobility 2DEG structures (compare gure 13.1,

see also [10]). As densities in these samples are generally lower, this scattering mechanism
is usually irrelevant.
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Figure 8.2: Mobility-density dependence for high-mobility 2DEG structures (rectangular quantum well
with double setback of 100 nm), grown during our rst Zürich growth campaign. Allometric ts to the
α
data (red lines) µ ∼ n yield values for α of 0.8 − 1.0, as noted in red.

8.3 Density dependence of mobility
Above we have shown that there are three scattering mechanisms that may have a notable
impact on modern 2DEG structures: BI-, RI- and IR-scattering. While for example the
mobility limit caused by BI-scattering depends of course on the density of these impurities
in the sample, there is also an allometric dependency on electron density in the form of:

µ ∼ nα
The exact values of the exponent

α

(8.6)

for each scattering mechanism still waits to be found,

despite numerous theoretical and experimental studies.



BI:

0.6 < α < 1; the value is strongly depending on electron density, with α = 0.7 for
2 · 1011 cm−2 ([26, 32]), but approaching α = 1 for higher densities.

densities around
([28]).




RI:

α ≈ 1.5.

IR:

α < 0 was predicted by Saku [130] and experimentally conrmed by Reuter [131]

and Pan [10] for high densities.
The values for

α

we obtained from our high-mobility samples, consisting of a rectangu-

lar quantum well doped from both sides with setbacks of

0.77

and

1.03,

as exemplarily shown in gure 8.2.

80

to

120 nm, varied between
0.9, our ndings

With an average of

are in agreement with the theoretical predictions and experimental results named above,
conrming that our top samples' electron mobilities are limited by background impurities.
In the scope of this work,

α = 0.9

will be used to normalize mobilities for comparison.
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8.4 Quantum scattering time
The big inherent problem with the transport scattering time

τ

is that it is a tool of classical

physics, taking into account only eects that notably reduce the electrons' drift velocity,
i.e. causing a large angular change of the electrons' momentum vector.

τ

is given by

1
=
τ
where

W (θ)

ˆ

2π

W (θ) · (1 − cos(θ)) dΩ

(8.7)

0

is the probability of an incoming electron to be scattered under the angle

the weighting term

1 − cos(θ)

θ,

favours large angle scattering ([132]).

While this is sucient for mobility characteristics of a 2DEG, the picture falls short in
explaining other important features of a high quality 2DEG, as for example the
gap energy.

ν = 5/2

Over the last couple of years for example the community learned that the

richest FQHS features and highest gap energies do not necessarily scale with the electron
mobility of a sample.
To cover all scattering mechanisms (especially those causing only a small change in
angular momentum) the quantum scattering time
independent:

1
=
τq

ˆ

τq

has to be examined.

It is angular

2π

W (θ) dΩ

(8.8)

0

and can be obtained from Shubnikov de Haas (SdH) oscillations, according to [133]:

A=



X
π
· exp −
sinh(X)
ωc · τq

(8.9)

A = ∆ρρXX
is the amplitude of the oscillations with ρ0 being the zero-eld
0
resistance, X/ sinh (X) a temperature-dependent dampening term (the Dingle factor)
2
∗
with X = 2π kB T /~ωc and ωc = eB/m the cyclotron frequency. This equation can be
where

permuted and simplied to


ln
Plotting

ln



A·sinh(X)
2X



versus

1/B

A · sinh(X)
2X


≈−

π · m∗
eB · τq

allows then to extract

τq

(8.10)

from the slope of the plot.
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Figure 9.1: Growth rates for gallium vs temperature during the 2008 growth campaign in Regensburg
(RHEED measurements).

The red numbers note margins for cell temperatures of

940, 950, 955

and

960° C .

As mentioned in chapter 2, there are many parameters inuencing the characteristics of
a MBE-grown 2DEG sample. Those range from obvious technical issues like the vacuum
quality during the growth process, over sample parameters that can only be indirectly
controlled (for example, the amount of doping incorporated into a structure is controlled
via electric current through a silicon lament), to the resulting electron mobility, which is
calculated from electron density and sheet resistivity and depends from these two values
as well as sample temperature.

Therefore, before one can think about tailoring 2DEG

samples for the wide variety of applications or optimizing individual characteristics, one
has to investigate the margin in which it's possible to reproduce a given structure.

9.1 Determination and stability of growth rates
Among the most important growth parameters are undoubtedly the material sources' beam
ux densities and hence the growth rates for

GaAs

and

AlGaAs,

dening the layer thick-

nesses for the resulting samples. As described in chapter 2, the material uxes are controlled by the temperatures of the individual eusion cells.

The resulting growth rates

and respective layer thicknesses of a sample are therefore subject to variation. Prominent
examples for such crucial layers are quantum well and setback layer.
When analysing growth rates (obtained by RHEED calibration) and their dependence
from cell temperature, it is easy to see that individual growth rates can vary by as much
as

20 %

between the growth runs, although with constant cell temperatures. Figure 9.1

illustrates this cell temperature dependency using the example of the D-chamber's 2008
growth campaign. Noted in red are the deviation margins for typical cell temperatures of

940, 950, 955

and

960° C .

It is of course possible to calibrate growth rates and layer thicknesses after the growth
process, for example by X-ray diractometry (XRD) or by use of scanning electron microscopy (SEM). However, both methods have their drawbacks:
SEM relies on the oxidation of the highly reactive aluminium in the AlGaAs layers
of a sample to create a detectable contrast between GaAs and AlGaAs. Apart from the
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required high aluminium content (30 %), quantitative results are extremely hard to obtain
as they depend strongly on calibration and geometry of the SEM setup. Margins above
ten percent have to be taken into account.
XRD on the other hand allows for a more precise determination of growth rates and
aluminium content of a sample, although it is still inferior to a RHEED calibration, see
section 2.7.7). Also, an XRD measurement requires a tting layer stack, that has to be
added to the planned growth recipe.
While RHEED calibrations at the beginning of every growth day have long been standard in our laboratory, there were still short-term uctuations in growth rates  from one
day to another as well as between two growth runs during one day. Figure 9.2 a) illustrates
this deviation: Growth rates were determined before a growth run (normalized to

1)

and

afterwards (actual data points). The black squares show a set of measurements for gallium
(left) and aluminium (right) growth rates respectively. For both material sources, a large
deviation was observed.
deviation of

4.9 %)

and

7.9 % for gallium (with
2.9 %) for aluminium.

The average dierence was

4.2 %

(standard deviation

a standard

This meant that despite a carefully performed RHEED calibration the total thickness of
any given semiconductor layer was pretty unreliable, especially as the important section
of a 2DEG sample (i.e. the region of the structure containing doping layers, setbacks and
the actual 2DEG region) is normally produced within the last 30 minutes of a run. So, the
power of RHEED to predict growth rates was seriously overestimated.
Additionally, while for both materials a trend towards a reduction of growth rate was
obvious, the gallium source occasionally showed a considerably higher growth rate after
the run.
To investigate this strange behaviour, a time-resolved RHEED calibration was performed on three material sources. This was done in the way of consecutive measurements,
each followed by 15 minutes of layer growth.

The results are shown in gure 9.2 b) for

200g -SUMO crucible, the
with a 24cc conical crucible.

(from top to bottom) the Ga4 cell, charged with a
a

16cc

conical crucible and nally the Al5 cell

Ga8 cell with

A distinct drop in growth rate was observed for all cells during the rst 30 minutes.
While Ga8 and Al5 afterwards stabilized, Ga4 showed a massive and abrupt rise in growth
rate at the 120 minute mark.
The initial reduction in growth rate can be accustomed to metallic vapour that condensates at the crucible walls and/or forms small droplets at the crucible's orice when the
cell is cooled down to standby temperature. When heating up again, this excess material
degasses and adds to the regular ux from the main material reservoir, thus leading to
a high growth rate that dwindles down after the small amount of condensated metal has
evaporated.
In order to prevent this eect, we expanded the daily calibration routine by a superlattice of alternating AlGaAs and GaAs layers grown for at least 45 minutes on the RHEED
sample prior to any measurements. Since implementation of the initial superlattice, the
growth rate variations before and after a run have become much smaller, as is shown in
gure 9.2 a): The red circles  again for gallium (left) and aluminium (right) cell  show
comparative measurements, obtained over a timespan of more than two years. The average

1.0 % for gallium and to 0.9 % for aluminium (with standard
0.73 %).

dierence could be reduced to
deviations of

0.86 %

and

The massive jump in the time-resolved calibration for the Ga4 cell can be explained
by the material droplets forming at the relatively cold crucible orice. We observed these
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a)

b)
Figure 9.2: a): Comparative plot of relative growth rates before and after growth of a sample at xed cell
temperatures for gallium (left) and aluminium (right). Early measurements (black squares) show strong
variations to lower and higher values (for Ga).

After the initial superlattice and the regular cleaning

of the Ga-cell orice were established, growth rate stability was signicantly improved (red circles). b):
Time-resolved RHEED calibrations for (from top to bottom) Ga4, Ga8 and Al5 eusion cells at xed cell
temperatures. All three growth rates experience a distinct drop during the rst 30 minutes, while Ga4
also shows an abrupt increase due to sudden droplet removal from the orice.
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droplets to be numerous and very big  single specimens having a diameter of roughly

1.5 mm.

Figure 2.5 gives an example of a SUMO orice heavily populated with gallium

droplets. Given the small opening diameter (6 mm), these droplets can reduce the orice
area (and with that the beamux) signicantly.

Evaporating or falling back into the

crucible can cause the abrupt changes in growth rate. Please note that for conical crucibles
with comparable droplet population but much wider openings (20 +

mm) such growth rate

jumps were never observed.
As a reaction we turned to baking out the crucible orice on a more or less regular
basis (that is every six to eight weeks rather than never), when a visual inspection advises
it. While structures using a heated crucible orice were produced on a quite regular basis,
a simple hot orice run is not comparable with a thorough bakeout that removes all
droplets and can take up to ten hours of continued growth.
Again referring to gure 9.2 a), the deviations in growth rate before and after a run
for the Ga-cell became comparable to that of the Al-cell since we established the regular
bakeout procedure.

Also, no drastic changes (either up- or downwards) were found any

more.
The practical use of the improvement in growth rate accuracy may seem somewhat
limited. We will see in later chapters that a variation in layer thicknesses of several percent
does not have a profound eect on electron mobility. For example, quantum well widths
of

27 nm

and

30 nm

yield comparable 2DEG qualities.

However, mobility is a derived

characteristic that is inuenced by growth speed, growth temperature, III-V ratio, quantum
well and setback width, doping density, interface quality, characterization temperature
and even the cooldown speed prior to measurement. Every single parameter has it's own
uncertainty which all contribute to the total error margin for our most important sample
characteristic, the electron mobility.
So every little improvement in parameter precision improves the informative value of
our ndings that are presented and discussed in the scope of this work (and we really like
to point out that the reduction of an error margin from

5 − 8%

to

1%

should not be

referred to as little).

9.2 Reproducing structures: Credibility of reference samples
It is a trivial fact that the optimization of a 2DEG structure by varying one or more
parameters must be performed by comparing the varied structure with a reference sample.
In order to determine success or failure of such a parameter variation, it is necessary to
take into account the general reproducibility of the growth operations.
Of course it would be preferable to produce a reference for every single actual sample,
to get maximized reproducibility and with that the information value of any change in the
varied sample's characteristics.
Contradictionary to this clean approach is the limited throughput of an MBE setup
designed for research and quality rather than production eciency.

Four samples per

growth day are a realistic maximum, whereas the practical average is barely more than
two runs per growth day.

This is due to the time needed to prepare a growth day and

the actual growth times (two to four hours for standard recipes), combined with the lack
of manpower to operate an MBE setup 24/7, and to process and investigate the grown
structures.
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Figure 9.3: Sample reproducibility during the Zürich growth campaign. Plotted is the average deviation in
electron mobility and density either before and after illumination, depending on the number growth runs
between original sample and repetition. Electron density is much more stable than mobility, as is the dark
state opposed to the illuminated one. In any case, comparability is questionable as soon as reference and
actual sample are separated by ten or more growth runs (with an average mobility uncertainty of around

10 %).

Due to this limitation it is tempting to recycle a reference sample over weeks and
months during a growth campaign to investigate the inuence of dierent parameters.
More so, when for example investigating the eect of increased setback thickness, it is
intuitive to use the preceding sample with already increased setback as reference for the
next iteration instead of repeating the initial growth run which most probably doesn't
allow to draw any new conclusions.
However, this approach is not advisable, as an increasing time lag drastically impairs
sample reproducibility: As long as there are less than ve growth runs in between, the
electron density of a given structure can be replicated within
is around

4 %.

1 %.

For mobility the value

Upon increasing the time scale, this uncertainty increases to

4 − 5%

and

10 − 12 % respectively, making it extremely dicult to condentially attribute any changes
in sample characteristics to a certain, deliberately varied parameter (see gure 9.3).
The reason for this increasing uncertainty lies in the high number of growth parameters
that are subject to change during an ongoing growth campaign.

Vacuum quality and

source material purity are prominent examples, but also a gradual variation in growth
temperature, which is dened by pyrometry through a viewport that slowly gets coated
and thus looses transmittance. Another contribution stems from mechanical and thermal
wear, for example of the laments of the doping cell.
However, an excellent agreement can still be obtained if the MBE setup is well understood and maintained. Two examples shall be mentioned for pairs of 2DEG structures
with identical growth parameters that were produced several months apart:
1. D08 10 22A and D09 01 13A, having 57 growth runs and a grand opening (including replacement of source materials) in between: Mobility and density are

106 cm2 /V s and 2.95 · 1011 cm−2 for D08
1011 cm−2 for D09 01 13A (dierence 0.6 %

14.84 · 106 cm2 /V s
µ and 0.7 % for n).

10 22A,
for

and

14.93 ·
2.97 ·
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µ
[106 cm2 /V s]

T
[K]

µ
[106 cm2 /V s]

T
[K]

µ
[106 cm2 /V s]

T
[K]
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µ
[106 cm2 /V s]

T
[K]

1.49

14.04

1.56

18.09

1.61

18.77

1.61

5.81

1.40

14.35

1.34

18.84

1.46

19.37

1.45

5.85

1.35

14.38

1.19

19.28

1.23

20.38

1.23

5.94

1.01

20.01

avg

1.86 %/100mK

avg

1.86 %/100mK

avg

2.22 %/100mK

avg

0.57 %/100mK

Table 9.1: Temperature dependence for dierent high quality samples. Sample mobility variation is about

2%

per

100 mK .

The eect is smaller for lower mobilities (sample F14 03 20B); all four structures are

designed to suppress RI scattering, so the mobility is governed by the presence of background impurities.

2. D12 07 02A and D12 12 19A, separated by almost six months, more than 100

22.89 ·
s and 2.56 ·

growth runs and a massive in-situ repair operation. Mobility and density are

1011 cm−2 for D12 07 02A,

106 cm2 /V

s

1011 cm−2

for D12 12 19A (dierence

and

2.58 ·

1.6 %

for

µ

and

106 cm2 /V

22.52 ·
0.8 % for

n).

(The internal designation indicates growth date and running number of the growth day,
for example D12 07 02A was the rst sample grown on 2nd of July in 2012.) Additionally,
mobility and density depend on the measurement setup and procedure; electron mobility
varies with the exact measurement temperature and electron density is for example sensitive to cooldown speed. Our characterization setup (described in section 7.1) is designed for
quick measurement, and therefore it's capability to reproduce measurement temperatures
with high precision is limited (a drawback that can be neglected if one opts to characterize
sample and reference simultaneously).
Table 9.1 details the temperature dependence for some 2DEG structures optimized
for high electron mobility: Symmetric quantum wells doped from both sides to suppress
IR- and RI scattering. The mobility dependence on temperature indicates the (relative)
level of background impurities: The temperature independent BI scattering dominates the
mobility limit.
Relative to the mobility gain per temperature reduction (which is as shown about
per

100 mK )

2%

is the ratio between BI and phonon scattering (that cannot be inuenced by

sample quality). A high gain indicates a comparably lower BI level, illustrated by the much
lower gain of sample F14 03 20B (0.6 % per

100 mK ), being nearly identical to sample D11

09 22A, albeit produced in an MBE setup with inferior vacuum quality.
So, while small variations in measurement temperature can cause a good part of the
mobility dierence between two formally identical samples, the  manual  cooldown prior
to the characterization can have signicant impact on electron density. In table 9.2 the
density values are compared for three dierent cooling rates of

0.5 K/sec, 2 K/sec

and

5 K/sec.
While the electron mobilities were found to be unaected by the cooling rate, a signicant dependency could be observed in terms of density. Without illumination, the density
increased by around

4%

when the cooldown was performed at a fast rate.

This can be explained by the electrons' fast loss of thermal energy reducing the time
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1.3 K dark

1.3 K dark
Rate

0.5 K/sec

2 K/sec

5 K/sec

Rate

0.5 K/sec

2 K/sec

5 K/sec

n

2.928

3.027

3.044

n

3.009

3.064

3.130

µ

16.12

16.21

16.24

µ

16.70

17.48

17.36

4.2 K after illumination

4.2 K after illumination

Rate

0.5 K/sec

2 K/sec

5 K/sec

Rate

0.5 K/sec

2 K/sec

5 K/sec

n

3.794

3.791

3.797

n

3.933

3.933

3.935

µ

8.244

8.245

8.191

µ

8.65

8.67

8.48

Table 9.2: Eect of cooling rates for two high-mobility samples. Fast cooldown increases electron density
by up to

4 %,

while the eect disappears after illumination. Electron mobilities stay unaected. Electron
106 cm2 /V s, electron densities in 1011 cm−2

mobilities (µ) are noted in units of

window in which an electron may settle in a shallow donor state and freeze out there
instead of hopping back into the 2DEG channel. Such a behaviour would in turn increase
the RI screening capability (as a larger amount of electrons resides close to the ionized
donors), possibly explaining the constant mobility values despite varying density.
Also, illumination ionizes those populated states, bringing the structure in identical
condition independent from the initial cooldown rate (emphasized by the excellent accordance of the results after illumination).
In summary, there are several ways in which one can increase the reproducibility of
a given 2DEG's magnetotransport characteristics and thus optimizing the sensitivity to
detect the eect of a parameter variation in a structure compared to a reference:



Carefully calibrate the growth rates after an initial growth period to allow the material uxes to settle into a stable state.



Reference samples should be produced/used only within a narrow time window, as
the external parameters (of the setup) constantly change.



During sample characterization, all parameters should be kept as constant as humanly
possible, namely the rate of cooldown and the nal measurement temperature.

Considering these ndings, we produced a set of three identical samples during one growth
day to calibrate the reproducibility we are able to achieve.

The results are shown in

table 9.3, covering characterization values before and after illumination. Electron density
variation is smaller than

2%

in the dark state and below

mobility values coincide within

1%

after illumination, while the

2.5 %.

9.3 Homogeneity across the wafer
Typically, the characteristics of a 2DEG sample are obtained by magnetotransport characterization of a small

4 · 4 mm2

sample taken from the center of a wafer (as described
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1.3 K dark

Table 9.3:

1.3K illuminated
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4.2K illuminated

sample

µ

n

µ

n

µ

n

D11 05 04A

9.93

1.409

14.12

1.832

7.06

1.835

D11 05 04B

9.92

1.441

14.26

1.849

6.95

1.855

D11 05 04C

10.17

1.427

14.31

1.839

6.96

1.839

Achievable reproducibility for three identical structures, produced during one growth day.

Electron mobilities agree within

2.5 %,

densities within

2 %.

in section 4.1). Density and mobility are optimal in this area, as the material uxes are
calibrated always at the substrate's center, and the growth temperature can be assumed
to be stable and constant.
Due to the good, but nite thermal conductivity of the substrate block (which is slightly
smaller than the wafer diameter) and the positioning of the heating laments, a temperature gradient exists towards the edge of the wafer, and thus reducing crystal quality and
increasing incorporation probability of residual gas atoms.
Additionally, the material uxes and
with that growth rates and layer thicknesses vary towards the edge of the substrate due to the eusion cell positions:
They are located at an angle of

35°

to the

substrate normal and at a distance of about

13 cm

from the substrate's center.

This

leads to a signicant inhomogeneity of ux
density across the substrate, as for example demonstrated by Shiralagi in [134]. As
shown in gure 9.4, there is a drastic difference of whether the substrate is rotated
during growth or not.
In the rst case, the beam ux reduces
symmetric and gradually by ca.

5 %/cm

when moving away from the center. With-

Figure 9.4: Beamux variation for a Ga source rela-

out rotation, the beam ux has turned out

tive to the substrate center (normalized to

to be

110 % (of the center value) at the sub-

strate's edge close to the cell, but decreasing rapidly beyond the center to mere

70 %

at the far edge. Shiralagi used a Ga-source
located

150 mm

away from the substrate

center at an angle of

30°

center) in a line from source to center.
was located

150 mm

substrate normal.

from the center at

100 %

for

The source

30°

from the

The BF decreases symmetric for

rotated growth (black) and declines massively when
moving away from the cell in the unrotated case (red).
Redrawn after [134].

to the substrate

normal, comparable to the geometry of our setup.
We acknowledge that there are MBE setups on the market that use higher distances
and smaller angles to achieve a much smaller gradient (layer thickness variations as low as

2 % across a 2” wafer are possible).

However, these big, industrial style setups are designed

for reliable mass production rather than structure quality and are outclassed in terms of
mobility by an order of magnitude by our MBE.
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However, even the highest mobility 2DEGs are of limited use, if there's no way to perform experiments that exceed the standard magnetotransport characterization. A variety
of applications require a certain electron density, setback distance or total 2DEG depth
below the surface within tight margins.
This is the case for example for investigations on the

5/2

FQHS in a quantum point

contact, as are performed in the group of Klaus Ensslin at ETH ([12, 135, 136, 14]) in a
setup limited to magnetic elds of ve Tesla. As the magnetic eld at which a lling factor

ν

occurs scales with electron density, the samples density must not exceed

to observe

5/2.

2.8 · 1011 cm−2 ,

On the other hand it should come as close as possible to this value (as

higher density means higher mobility which usually benets the stability of the

5/2 state).

Obviously, these (and any other) experiments have to be performed on samples not
from the center of the wafer, therefore the parameter gradients become an issue especially
for small, high-performance research MBEs.
We present a full characterization mapping of two wafers, grown with and without
rotating the substrate.
In case of growth under continuous rotation of the substrate, any variations caused
by varying layer thicknesses/doping densities are axis-symmetric.

In gure 9.5 a), the

electron mobility map is displayed, normalized to the value of the center piece of

20 · 106 cm2 /V s.

µ =

The mobility development towards the substrate edge underlines the

symmetry and high yield of samples with excellent characteristics: In a large central area
(half the wafer diameter), electron mobility stays constant within
increments, until mobility has dropped to about
still above

50 %

5 %,

then the decrease

at the substrate's edges  which is

107 cm2 /V s.

In terms of electron density (shown in gure 9.5 b), rotated growth performs even better:

2.71 · 1011 cm−2 )
120 %. The increase

The measured densities (again normalized to the center piece's value of
increase slowly approaching the substrate edge to maximum values of

in density and reduction in mobility towards the edge is due to the gradually lowering
growth rates, which leads to thinner setback layers in the outer ranges of the substrate.
In summary, a quarter of the total wafer area can reliably be considered as identical to
the (optimized) center of the wafer within acceptably small margins, which is an impressive
result for a MBE setup that is, as mentioned, not designed for structure homogeneity across
the whole substrate.
The unrotated growth case shows distinct gradients in mobility and density that apply
well to the respective position of the material sources.

n = 2.78·1011 cm−2 ) decreases while moving across the
6
2
while a mobility (center sample: µ = 15.1 · 10 cm /V s)

Electron density (center sample:
wafer away from the doping cell,

gradient reects the varying spacer thicknesses caused by the positioning of the gallium
and aluminium sources, as can be seen in gure 9.6.

The mobility plot shows a much

bigger decrease at the far side of the substrate (relative to the material sources) than at
the near side due to the massive reduction in layer thicknesses. Moving to the right side of
the substrate in gure 9.6 a), a mobility increase can be observed; a combined eect of a
moderate reduction in layer thickness and slight increase in doping density. This conrms
that even at the edge of a substrate very high quality samples can be produced with an
electron mobility of

16.91 · 106 cm2 /V s (15.11 · 106 cm2 /V s

for the central sample).

CHAPTER 9.

REPRODUCIBILITY AND SAMPLE HOMOGENEITY

105

a)

b)

Figure 9.5: Wafer mapping of a 2DEG structure grown with constant rotation. Characteristics are symmetric to the substrate's central axis with decreasing mobility (a) and increasing electron density (b).
Over the central half diameter, the samples still have excellent comparability to the reference (center:
µ = 20 · 106 cm2 /V s, n = 2.71 · 1011 cm−2 ).
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a)

b)
Figure 9.6: Wafer mapping of a 2DEG structure grown without rotation. Mobility is optimized for the
6
2
11
center sample (center: µ = 15.11·10 cm /V s, n = 2.78·10
cm−2 ). The gradient reects the combination
of layer thickness and doping density variation due to cell positioning (see also gure 9.4). The highest
mobility sample is found at the right edge, where a slight beam ux reduction combines with a moderate
increase in doping.
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b)

a)

Figure 10.1:

Density (red circles) and mobility (black squares) comparison for identical structures, a)

measured in the dark and b) after illumination.

The samples were grown simultaneously on dierent

manufacturers' substrates (as noted).

Most investigations on 2DEG quality concentrate on the actual 2DEG region, that is
electron channel, adjacent setback layers and the doping region/doping proles. While it
is reasonable to do so, one still should not disregard the structure's base layers completely.
They form the transition from the manufacturer-supplied growth substrate to the interesting 2DEG region. However, the base region fulls the important task of evening out
the substrate's surface roughness as well as thermally healing and burying crystal defects
and impurities.
While these parameters are thoroughly cared for by the manufacturers, the crystal
quality and purity of GaAs drawn from a melt is no match for a bulk crystal grown by
MBE (especially when a MBE setup optimized to that respect is used).

For example,

even after polishing and etching a wafer surface, the remaining roughness across the whole
substrate is specied as

< 10 µm,

or, in other words, can be measured in thousands of

monolayers.

10.1 Substrate suppliers
There are several companies supplying high quality growth substrates for GaAs/AlGaAs
MBE applications.

The substrates used in our group are provided by AXT, Freiberger

and Wafer Technologies (WT). As there is a small market for substrates with a two-inch
diameter (most research MBEs and virtually all industrial setups are designed for wafer
diameters of three to eight inches), one does not always have a free choice of wafer source.
Here we present a short comparative analysis of the substrate's inuence on highmobility samples.

Two growth runs were conducted, each with a substrate holder that

was loaded with a quarter of a two-inch single-sided polished

350 µm

wafer of any of the

suppliers AXT, Freiberger and WT. Both samples were grown identically as a rectangular
quantum well doped from both sides, varying only in the growth temperature, which
was

630° C

for sample A and

640° C

for sample B  which had no eect on the sample

characteristics.
Electron mobility and density are shown in gure 10.1, measured in the dark state (a)
and after illumination (b).

Electron density varies from

2.99

to

3.03 · 1011 cm−2

before

11
−2 afterwards  a reproducibility within
illumination and between 3.06 and 3.10 · 10 cm
±0.7 %, while the mobility values vary by ±5 · 105 cm2 /V s in both cases (±4 %).
The Freiberger substrates seem to yield better results by trend, but the dierences
are within the reproducibility margin we described in section 9.2, thus leading to the
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b)

a)

c)

GaAs-layer and a superlattice of a)
0.57 nm AlAs/1.1 nm GaAs. Relative thickness and Al-content are chosen
to produce an average aluminium content of ∼ 30 %. c) Base composition for a backgate sample, below the
standard base an AlAs/GaAs superlattice with high eective aluminium content and a layer of LT-GaAs

Figure 10.2:

Structure base compositions, consisting of a thick

8 nm AlGaAs/3 nm GaAs

or b)

is inserted.

conclusion that all three wafer fabricates are equally suited as substrates for high quality
MBE growth. In accordance to these ndings, our personal experience after a total of more
than

750

samples grown is that no signicant variations in substrate quality occurred for

dierent manufacturers and substrate production lots.

10.2 Base layer stacks
As we stated, that commercially available GaAs wafers are suited for high-quality MBE
growth, this is of course under the constriction that all substrates require initial thermal
treatment and the growth of a buer layer stack, before the actual 2DEG structure may
be produced.
Usually, the layer stack for a structure base consists of a bulk transition (to the
substrate) layer of GaAs and a number of alternating sheets of AlGaAs and GaAs, i.e. a
superlattice with 50 or more periods (illustrated in gure 10.2). There are two standard
superlattices used in this work: SL1 consists of
thicknesses of

8

and

3 nm

50 − 200

layers of

Al0.35 GaAs/GaAs with
− 600) of thinner

respectively; SL2 has a larger number (400

layers of pure AlAs and GaAs (0.566 nm and

1.12 nm, equalling two and four monolayers).

The purpose of the GaAs transition layer is to bury the  relatively speaking  high
amount of impurities diusing into the grown crystal from the substrate as well as levelling the substrate's surface roughness. The superlattice is inserted to further reduce the
impurities travelling with the growth zone and to bend and deect crystal dislocations
that would otherwise propagate all the way into the 2DEG channel.
Our ndings indicate that the thickness of the transition layer is uncritical as long as a
minimum of approximately

500 nm is kept, as is shown by the data presented in table 10.1.

Additionally, the total thickness of the superlattice does as well not inuence the 2DEG's
characteristics. Shown are comparative results for

GaAs

layers of 400 to 2000 nm, while

the superlattices have 50 to 200 periods.
Even mixing up the superlattice's composition to an eective aluminium content above

60 %

and reducing it to 20 periods did not do damage:

A test MDSI sample showed
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a) Transition layer
Transition

superlattice

layer [nm]

periods (type 1)

µ
[106 cm2 /V s]

n
[1011 cm−2 ]

400

50

20.08

3.08

400

100

19.60

2.90

500

100

16.23

2.96

800

200

16.12

3.32

500

100

10.37

1.79

800

100

9.88

1.70

400

80

4.24

4.09

500

none

4.21

3.96

(periods)

µ
[106 cm2 /V s]

n
[1011 cm−2 ]

type 1 (100)

15.87

4.242

type 2 (600)

19.36

4.150

type 2 (500)

19.21

3.116

type 2 (600)

22.04

3.054

interruption

µ
[106 cm2 /V s]

n
[1011 cm−2 ]

none

16.27

3.915

5 sec

20.12

3.972

15 sec

20.17

3.964

b) Superlattice
superlattice

c) Growth interruptions
SL 2 growth

Table 10.1: a): 2DEG characteristics are independent from structure base thickness. Shown are results
for three dierent structures (from left to right): Rectangular quantum well doped from both sides, singlesidedly doped quantum well and single-interface triangular QW. b): Changing the superlattice from type
1 (AlGaAs

(8 nm)/GaAs (3 nm))

to type 2 (AlAs

(0.56 nm)/GaAs (1.12 nm))

enhances the resulting

mobility signicantly; as well does an increase in periods of superlattice type 2 (from 500 to 600).
Growth interruptions at the end of each period in a type 2 superlattice has the same, positive eect.

c):
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9.96 · 106 cm2 /V s

2.83 · 1011 cm−2 ,
3.01 · 1011 cm−2 .

with a density of
and
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compared to a reference sample with

Note that in the right section of table 10.1 a) the superlattice was omitted completely.
However, these structures are single-interface heterojunctions, where the separation between base and 2DEG region is realized by another thick layer of

GaAs of 500 to 1200 nm.

(The left and middle columns describe quantum well samples, doped from both and one
side, where the separation consists of

220 nm AlGaAs.)

So, composition and thickness of the structure's base is uncritical.
with moderate mobilities in the

106 cm2 /V s

For structures

range one can even completely discard the

superlattice, as the electron mobility is hard-capped by background impurities stemming
from residual gas and the dislocations do not add measurably to the limit.
On the other hand, if the level of background impurities in the growth chamber is
low enough to see the eect of a base superlattice, the type of superlattice implemented
allows for improvement.

The mentioned superlattice type 2 allowed for a considerable

mobility improvement from

15.87 · 106 cm2 /V s (superlattice type 1) to 19.36 · 106 cm2 /V s.

Here, the number of periods also proved to be important: 500 periods led to a mobility of

19.21 · 106 cm2 /V s,

while 600 periods yielded

22.04 · 106 cm2 /V s.

The 2DEG structures

in these experiments were high-mobility-optimized rectangular quantum wells doped from
both sides, and in both cases, the higher mobility was achieved despite a slightly lower
electron density (see table 10.1 b).
The insertion of a short growth interruption at the end of each superlattice period
proved as well to be benecial for the sample quality, as shown in table 10.1 c). A short
growth interruption of several seconds after growing a GaAs layer allows for surface smoothing and gives migrating impurities a chance to desorb from the surface. As we will see in
a later section, it is important that these interruptions are not too long, because residual
atoms from the chamber get, in turn, a chance to impinge on the wafer. Also it should not
be performed after an AlAs or AlGaAs layer, as the highly reactive aluminium is pretty
ecient at gettering impurities from the chamber vacuum.
If done properly however, such growth interruptions are a powerful tool. We managed
to increase the electron mobility from

16.27 · 106 cm2 /V s to 20.17 · 106 cm2 /V s at constant

densities.

10.3 Backgate substrates
While high-quality 2DEGs produced in our setup are a very popular foundation for a
number of research projects throughout Europe ([16, 17, 18, 68, 19, 137, 138]), they have
the drawback of xed electron mobility and density, that can only poorly be tuned by
means of illumination. Therefore, the technique of voltage-induced density (and mobility)
tuning via electrical gates is manifest. It has been demonstrated that impressive mobility
values (and

5/2

gap energies) can be achieved in gate-induced 2DEGs [8, 10].

Density-tuning with a top gate is relatively easy to realize; producing the topgate by
lithography and insulator- and metal deposition are standard procedures. From the growth
side one has to ensure that no conduction occurs between 2DEG or doping layer(s) and
structure surfaces (which is ensured by avoiding the formation and propagation of crystal
defects, see chapter 11). A parallel conducting layer at the doping region between 2DEG
and gate has to be avoided also.
Gating a 2DEG from its underside with a backgate however is more demanding
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The backgate itself is realized by a thick

GaAs layer heavily doped with silicon. It can be provided either by actually

growing a doped layer or by using a doped growth substrate.
The need to electrically insulate the grown/substrate backgate from the rest of the
structure however is a challenge for sample growth. Two standard methods are established
to this end:



A layer of GaAs, grown at very low temperatures of ca.

200° C

- hence the term LT

(low temperature)-GaAs.



An AlAs-barrier (or AlGaAs with very high aluminium content

x > 0.8).

Both growth methods result in poor surface quality: LT-GaAs obviously due to it's excess
incorporation of arsenic, AlAs because of the high growth temperatures required to obtain
good surface quality (beyond

700° C ,

opposed to a reasonable maximum of

650° C

for

high-mobility growth).
However, by altering a number of AlAs layers with thin sheets of GaAs, followed by
a short growth interruption, we managed to restore the crystal quality after the damage
resulting from surface roughness and incorporated residual gas atoms.

The technique

worked for a variety of layer compositions, as demonstrated in table 10.2.
We investigated the eect on electron mobility and density (given in the table as percentage of their respective reference sample) of dierent compositions of the insulation
superlattice. Sample #1 had a 12-period AlAs/GaAs SL with sheet thicknesses of

2 nm,

sample #2 had a 20-period SL with thicknesses of

riods with
samples:

2 nm

7.5

and

4 nm

12

and

and #3 had 80 pe-

for both AlAs and GaAs layers. Part b) of the table shows two additional

#4 corresponds to #1 with additional

200 nm

LT-GaAs below the insulation

superlattice and #5 corresponds to #3 with an added LT-GaAs layer of

400 nm.

Our ndings are, that independent from superlattice composition and thickness in the
ranges we investigated, we managed to create insulation superlattices which do not aect
mobility and density.

Adding a layer of LT-GaAs however caused a slight reduction in

electron mobility (normalized to density) of four percent for a
and #1) and six percent for a

400 nm

200 nm

layer (compare #4

layer (compare #5 and #3).

This small loss has to be accepted if one wishes to create a 2DEG sample with a
backgate, because either of the two insulation layers alone resulted in signicant leak
current between gate and 2DEG at small gate voltages

< 1V .

The combination of both

LT-GaAs and insulation superlattice proved  despite the described quality loss  vastly
superior, as gate voltages of

4V

were reached, allowing for tuning the 2DEG's density by

a factor of four.
The backgate itself can, as mentioned above, be realized in two ways: Either by growing
a layer of heavily Si-doped GaAs, or by using a doped growth substrate. Both methods
work, but as the values presented in table 10.3 underline, an epitaxially grown backgate
does not reduce the sample quality any further (except for the mobility cost that has to
be paid for the presence of the insulation layer).
In contrast, the n-doped substrate takes away another

∼ 15 % of the electron mobility at

a given density. This decline may be accustomed to the lower standard growth temperature
of approximately

610° C ,

compared to

630° C

for semi-insulating substrates obtained at a

given heating power. The reason for this reduction lies in the higher conductivity of doped
substrates, leading to a higher thermal conductivity, according to the Wiedemann-Franz
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κ
=L·T
σ

with

κ being the thermal and σ

the electrical conductivity and

L = 2.44 · 10−8 W Ω/K 2

the Lorenz number. Thus follows a lower equilibrium temperature for a doped substrate
with a constant heating power applied.
Unfortunately, a grown backgate
measures some

100 nm

in thickness

a) Insulation superlattice

and is separated from the 2DEG region
by less than

2 µm.

sample

#1

#2

#3

SL periods

80

20

12

AlAs width

2

7.5

12

2

4

2

50

65

86

320

224

196

93.9

98.4

100.1

96.9

94.0

100.1

96.6

104.0

100.0

Fabricating reli-

able, low-resistance electrical contacts
to such a backgate (without contacting
the 2DEG at the same time) is all but
an easy task. A backgate formed by a
doped substrate on the other hand is
contacted by simply attaching a wire
to the sample's backside.
For that reason most groups working with backgated structures (includ-

[nm]
GaAs width
[nm]
Al content
[%]
total width
[nm]

ing our own) opt to put up with the
mobility loss for the sake of a dependable contact process that doesn't risk
to ruin valuable sample material.
The capabilities of our group to
create 2DEGs of extraordinary quality

with

tunable

density

via

back-

mobility
[% of Ref.]
density
[% of Ref.]
norm.

µ

[% of Ref.]

gate (leaving the surface untouched for
e.g.

additional gate structures, opti-

b) LT-GaAs

cal probing or illumination) are presented in gure 10.3.

Shown is a

mobility-density characterization of a

sample

#4

Ref.

#5

Ref.

LT-GaAs

200

none

400

none

7.85

7.80

9.09

9.58

3.289

3.068

1.704

1.684

94.5

100

93.9

100

[nm]

backgated sample that was performed
by Dr. Thomas Feil.

6

The sample consists of a

24 nm

quantum well doped from the top at
a setback distance of

800 nm

70 nm.

Located

below the quantum well is the

backgate,

consisting of an Si-doped

[10

µ
cm2 /V s]

density
[10

11

cm−2 ]

norm.

µ

[% of Ref.]

substrate and a thin doped transition

Table 10.2: a) Dierent compositions of an insulation su-

layer. We acknowledge that the actual

perlattice. Density and mobility are given as percentage of

growth run was conducted by Dr. Stefan Fält.

the respective reference sample's. b) Inuence of LT-GaAs
on normalized mobility with respect to a reference sample
for layer thicknesses of

200

and

400 nm.

The blue line depicts the density
and mobility development with increased backgate voltage, reaching it's maximum at

18.8 · 106 cm2 /V s and n = 5.18 · 1011 cm−2 .
11
−2 .
maximum of n = 5.9 · 10 cm

µ=

The density could be raised further to a

The mobility however diminishes due to: a) inter-subband scattering setting in, and b)
as the density is tuned solely by the backgate voltage, the 2DEG is progressively drawn

CHAPTER 10.

BASE LAYER STACKS

114

Figure 10.3: Density vs. mobility plot of a rectangular quantum well sample doped from the top side with
underlying backgate (consisting of a Si-doped substrate), produced in our group. µ increases steadily with
18.8 · 106 cm2 /V s at a density of 5.18 · 1011 cm−2 is reached (blue line). The

density until a maximum of

black dots represent similar, but double-sidedly doped 2DEGs without backgate, which agree well with
the gated values, where enhanced by

20 %

(loss due to substrate and insulation, light blue line).

Gate

measurement by and reproduced with permission of Dr. Thomas Feil.

into the lower boundary of the quantum well (from simulation, a symmetric wave-function
is expected at a density of
The

black

dots

n = 4 · 1011 cm−2

represent

similar,

for this type of structure).

although

double-sidedly doped structures. The light blue line

a) Grown backgate:

takes into account the quality losses caused by doped

density

substrate and insulation layer (representing the actual data multiplied by

1.2) and agrees well with the

values for the samples without backgate.
perior mobilities in the area below

µ=

Ref

5.14

10.84

µ

BG

5.02

10.22

97.7%

94.3%

µ

107 cm2 /V s,

hinting that in this low regime the mobility limit

b) Doped substrate

is not governed completely by background impurities, but by RI-scattering as well.

1.879

µ

rel.

Interestingly, the backgated structure shows su-

1.165

density

Replacing the

1.16

1.88

µ

Ref

3.64

6.11

ing source, leading to higher mobilities, until in the

µ

BG

2.91

5.13

high-mobility range BI-scattering preserves its dom-

rel.

79.9%

83.9%

lower doping with a backgate removes this scatter-

inating role.

µ

µ = 19 · 106 cm2 /V s

Table 10.3: Resulting electron mobility for

for a backgate-enhanced 2DEG sample is in fact the

and relative values with respect to a refer-

highest value reported to our knowledge for such a

ence for an epitaxially grown backgate (a)

sample design. It impressively demonstrates our ca-

and a doped substrate acting as backgate

The electron mobility of

pability to produce 2DEGs that have exceptionally

backgated 2DEG samples. Shown are total

(b).

high quality, are density-tunable in a wide range and
still leave the sample surface free for a variety of devices needed for further investigations
 e.g. on gate-dened quantum point contacts or optical/electrical probing of FQHSs.
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The superior mobility of the gated sample in the low mobility range indicates that
doping layers can be replaced by gates, thus removing RI-scattering and enhancing not only
electron mobility, but e.g. the stability of the

5/2 FQHS as well, as has been demonstrated

already by Nübler [8] and Pan [10] (using a topgate). The logical continuation is of course
the realization of a completely doping-free 2DEG sample, where electron density and wavefunction symmetry is controlled by combined top- and backgate. An according project is
under way in our group.
On the downside, the gated sample is still inferior to gate-free samples (which of course
compliments our ability to produce high-mobility structures without the need for further
processing) in mobility/density as well as in total mobility. This fact supports that our
top samples (with mobilities of up to

23 · 106 cm2 /V s)

are limited by BI-scattering. Later,

we will examine possibilities to ease this persistent and annoying limitation.

10.4 Structured backgates
Finally, we'd like to make a note on the possibility of employing structured backgates,
e.g.

in the form of a Hallbar or a pincho-gate.

These geometries are well established

and commonly used as topgates. The shaped backgate variant however requires complex
processing. Doped substrates are not applicable, so a doped GaAs layer has to be grown by
MBE, then processed with the usual methods of optical lithography and chemical etching.
Afterwards, the wafer requires extremely careful treatment to render it epi-ready, that
is clean and at enough to full the requirements of a growth substrate in an extremely
sensitive UHV-environment. The insulation and 2DEG layers can then be produced  as
we demonstrated  in a subsequent growth process.
It seems however, that the cleaning process limits the quality of the resulting sample.
Such a process has been developed over the years at the MPI Stuttgart and adopted
by our group, involving removal of the photoresist by boiling the sample in N-Methyl-2pyrrolidone and a sulphuric acid treatment, followed by oxidizing the substrate surface at
elevated temperatures

> 200 °C .

A test run consisting of a standard, high-mobility 2DEG on a processed and cleaned
(but not actually etched/structured) substrate yielded an electron mobility of
 considerably lower than the
additional mobility reduction

106 cm2 /V

20.1 ·
of 20 %

s

13.9·106 cm2 /V s

of the reference sample. If one adds the

that would be caused by a grown backgate plus in-

sulation layer, the resulting sample would still clearly surpass

107 cm2 /V s.

While this is

better than anything most research groups worldwide can produce, it still contradicts our
aim for maximized sample mobility.
The full process, including chemical etching, proved to yield highly unreliable results,
as shown in gure 10.4. Using a single-sidedly doped,

24 nm

wide quantum well on top

of structured backgates, four samples, taken from dierent locations of the substrate were
characterized (indicated in black, red, blue and green).

For three samples, the electron

mobilities were more than an order of magnitude below the reference sample (using a Sidoped substrate as backgate, in grey), which is discussed in the above section (see gure
10.3). However, one of them (red), was found to have a density vs. mobility dependence
exactly matching the reference.
The large variation in sample quality  the table in gure 10.4 summarizes mobility
values for a density of

n = 3.2·1011 cm−2 , ranging from 6.4·105 cm2 /V s to 11.4·106 cm2 /V s

can be accustomed to localized impurity concentrations, stemming from incomplete photo-
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sample

µ [106 cm2 /V s]

I (black)

0.64

II (red)

11.37

III (blue)

1.70

IV (green)

2.78

reference

11.93

mobility plot for dierent samples with structured backgates, taken from the

same substrate (colour-coded).

The dashed grey line represents an identical structure with a backgate

consisting of a Si-doped substrate. Gate measurement by and reproduced with permission of Dr. Thomas
11
Feil. The table summarizes exemplarily the mobility values for n = 3.2 · 10
cm−2 .

resist removal and/or reoxidation. However, our ndings also demonstrate that the quality
of a structure with a structured backgate matches those with unprocessed backgates, if the
cleaning process could be further optimized to reliably render the full area of a processed
substrate epi-ready.

AlAs quantum well
2
samples, that are produced in our lab with electron mobilities of up to 500 000 cm /V s, the
This is conrmed by results we obtained from double-sidedly doped

highest value ever reported for such a structure. With structured backgates, we obtained
sample mobilities in the range of

65

to

75 %

relative to their gateless reference samples.
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Figure 11.1: Surface defects on high-mobility 2DEG structures, grown without heating of the Ga-cell's tip
(a) and with the tip area heated to

1075° C

(b). Regular thermal cleaning of the tip region improves the

surface quality further, shown in c) (with hot tip). Varying the tip temperature allows for a low defect
density (d), while keeping the 2DEG's quality high. All pictures were taken with tenfold magnication in
bright eld (colour lter was employed to improve contrast).

In the last chapter we highlighted the importance of low-defect crystal structures for
the eective application of electrical gates on the backside of a 2DEG. The same is true
for topgated structures: The presence of oval defects, reaching deep into the sample can
cause unacceptable leakage currents.
In the prominent example of gate-dened quantum point contacts, the experimenter
tries to align his diminutive and sensitive pinch-o gates in such a way that no defect lies
beneath the gate areas.

11.1 Defect density
Usually however, the surface of a high-mobility 2DEG must be considered ugly under
optical inspection, being literally littered with oval defects (see gure 11.1 a).
The reason is that high-µ samples are produced with a cold tip of the gallium eusion cell. As described in an earlier section, our setup features an eusion cell for gallium
designed for big SUMO crucibles. Those cells have two sets of heating laments to independently regulate the temperatures of the bulk and the orice region (the tip) of the
crucible.
In general, the tip heating is switched o in order to minimize thermal load to the
eusion cell's surroundings. In this chapter, we will investigate in more detail the inuence
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of a heated Ga-tip on electron mobility for a variety of 2DEG structures with dierent
mobilities and densities.
For now however, we concentrate on the defect density. A comparison between the sample surfaces obtained with cold and heated tip is shown in gure 11.1 a) and b). A drastic
reduction is obvious, from a number of

31 000 cm−2

to

6500 cm−2 .

The defect density

was determined by counting them using an optical microscope with tenfold magnication
under dark eld conditions. While this method makes it hard to detect small defects with
a diameter

< 5 µm,

the relations however will still be correct. (Note that all micrographs

shown in gure 11.1 were taken under bright eld conditions for clarity.)

11.1.1 SUMO cell tip heating
The bulk of the oval defects stems from gallium clusters (rather than single atoms) emanating from gallium droplets forming at the crucibles orice. Therefore, removing those
droplets on a regular basis by baking out the eusion cell's tip zone does not only benet
growth rate stability (as described in section 9.1), but also the defect density. This way,
we managed to achieve a standard defect density of

6900 cm−2

with a cold tip during the

−2 with heated tip (gure 11.1 c).
growth run, and a mere 800 cm
To reduce the thermal load to the eusion cell's surroundings, we also investigated a
variety of temperature proles for the tip region. The tip was heated for the most part of
the growth run to suppress defect formation, but cooled down during the 2DEG region in
order to minimize the incorporation of impurities in this sensitive area. Defect densities
of

3200 cm−2

to

2000 cm−2

were achieved, comparable to those obtained with a conical

crucible (see below) but inferior to the continuously heated tip conguration (gure 11.1
d).

400 nm below
3500 cm−2 . Performing

We reduced the tip temperature during growth, starting at a depth of
the sample's surface, and the defect density could be reduced to

300 nm below the surface), the defect
2500 cm−2 . If the part of the structure that is

the cooldown during a growth interruption (ca.
density was further reduced to a value of

grown with cold tip is conned to the quantum well and the anking doping layers only,
with cooldown and heatup of the tip during growth interruptions, we managed to reduce
defects even further to approximately

2000 cm−2 .

11.1.2 Crucible design
As we learned from section 9.1, the use of a conical crucible with wide opening eciently
suppresses the droplet's inuence on growth rates. However, the defect density we observed
with such a crucible design in our high-µ MBE setup was still

3400 cm−2 .

This relatively

high density (despite it is a factor of two lower with respect to the SUMO crucible) can be
explained by the fact that Ga droplets are still present at the orice of a conical crucible,
although they do not aect growth rate stability substantially.
The reduction of defect density can be accustomed to the higher operation temperature
that is needed for a conical crucible, which is around

1000° C ,

compared to

900° C

for a

SUMO crucible. Such a dierence leads to higher orice temperatures of a conical crucible,
which in turn hinders the formation and emanation of Ga-clusters.
This explanation is supported by the results we obtained from our second, recently
established high-µ setup (F-chamber).

Here, the gallium is provided by two conical
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16 cc crucible with a total length of 76 mm and a 40 cc crucible,
−2 (16 cc) and 3400 cm−2 (40 cc) were found.
densities of 1700 cm

crucibles of dierent size: A

134 mm

long. Defect

These numbers, if compared to those of the SUMO crucible, reect the higher growth
temperatures, which are

1030° C

and

980° C

respectively.

11.1.3 Bakeout procedures
They also emphasize the power of a regular thermal treatment of the tip region: With the

40 cc

crucible, defect densities of

15 000 cm−2

were measured before the regular bakeout

routine was employed to this eusion cell. The dierence between the
crucibles also have a geometrical reason: With the

16 cc

40 cc

and the

16 cc

crucible being much shorter, the

distance between orice and heating laments is much smaller; and with that the dierence
between orice and bulk temperature is decreased.
So, the implementation of a regular thermal cleaning of the tip region plus tip heating
during growth allowed us to reduce the defect density by a factor of 40, when a SUMO
crucible is used.

Without heating the tip region during growth, a conical crucible of

comparable size provides a reduction by a factor of two, while resorting to a small
crucible halves (quarters) the defect density with respect to the

40 cc

16 cc

conical (SUMO)

crucible.
As all these measures reduce the resulting 2DEG's electron mobility, it is tempting to
nd a compromise in the way that the crucible's orice could be baked out thoroughly
immediately prior to the actual growth run (which is then conducted with cold tip). While
such an approach keeps the transport characteristics unharmed, it is not benecial for
reducing surface defects: We investigated a set of three samples produced in the F-chamber
using the

40 cc conical crucible.

The rst sample was grown with a cold Ga-Tip, the second

with a baked and heated tip, and the third immediately after the second, however with
cold tip again.

8400 cm−2 were found for the rst sample with cold tip. With heated
−2 , but rose back to 8000 cm−2 upon cooling down the
tip, that value decreased to 3300 cm
Defect densities of

tip and producing the third sample. So, the positive eect of a bakeout procedure does
not hold up for the three hours of a full growth run. Taking into account the variable tip
temperature experiment mentioned above, we estimate that the tip stays clean for about

30

to at most

60

minutes under growth conditions. The method may therefore be applied

for very short growth runs, like e.g. the second step of a cleaved-edge-overgrowth run.

11.2 Tip temperature dependence of electron mobility
Above we discussed the possibilities to enhance a 2DEG sample's surface quality and
mentioned that an improvement in surface quality is accompanied by a mobility reduction.
A higher temperature of the crucible orice also heats the surroundings of the cell opening
and adds to the evaporation of impurities from cell shutter and cryo shroud.

11.2.1 Constantly heated Ga-Tip
In the typical hot tip conguration, the crucible tip is brought to temperatures of around

1080° C ,

while the bulk temperature is reduced by ca.

40° C

to keep a constant growth

rate. This rule applies to SUMO crucibles as well as to the conical type. In both cases we
nd the electron mobilities of 2DEG samples grown with a hot tip are reduced to

40−45 %,
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Figure 11.2: Electron mobility and density development with tip temperature. Mobility decreases approximately linear, while density stays unaected below

1000° C

and increases slightly for higher tip tempera-

tures. The structures investigated were quantum wells, QW-doped from both sides with additional frontand backside doping layers.

relative to a reference produced with cold tip. Displayed in table 11.1, we compared the
mobilities for various sample structures, electron densities and mobilities, nding consistent
results.
This mobility reduction is gradual, as shown in gure 11.2. A series of rectangular quantum well structures, doped from both sides and optimized for the unilluminated state, was
grown. The tip temperature was varied from the cold tip  equalling ca.

885° C

as the

tip region is heated by the bulk laments  via three increments to the hot tip conguration. The bulk heating was reduced for a constant growth rate. Electron mobilities (black

15.05·106 cm2 /V s to 5.98·106 cm2 /V s.
−2 up to a tip
Interestingly, the electron density (red circles) is constant at 2.95 cm
temperature of 1000° C . Above that, at 1050° C and 1080° C , a slight increase in density
−2 is observed.
to a maximum value of 3.08 cm
squares in gure 11.2) decreased nearly linear from

The reason for this behaviour is unknown to us. It might be accustomed to increased
substrate heating by the eusion cell:

Even in cold tip conguration the eusion cells

contribute to the substrate temperature by about ve Kelvin; with a hot tip, this number
is surely higher. The increased growth temperature may advance dopant migration, thus
reducing the eective setback distance for the lower doping and increasing the electron
density. Also, there is the possibility that the heated cell surroundings evaporate impurities
that act as additional n-type doping.
However, both explanations are arguable:

Referring to table 11.1 we observed un-

changed and reduced electron densities as well.

We also measure increasing density for

MDSI structures, where an enhanced dopant migration should lead to a bigger eective
setback and thus lower density.
Concerning the evaporation of charged background impurities, we'd like to point out
that a contribution to the 2DEG's electron population of

∼ 1010 cm−2

would cause an

14
−3 distributed through the strucamount of charged impurities in the range of 2.5 · 10 cm
ture. This explanation is in accordance with to the expected mobility loss, supported by
theoretical works of Hwang and Das Sarma [28]. From their calculations, a mobility limit
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1014 cm−3 . Accord6
2
6
2
ingly, for our mobilities of 15·10 cm /V s for the cold tip sample and 6·10 cm /V s for the
13
−3
sample with heated tip, moderately lower and higher concentrations of maybe 5 · 10 cm
14
−3
and 5·10 cm
would apply. This estimate is not unreasonable, because we have assumed
14
−3 of n-type impurities over p-type impurities. The presence
an overweight of 2.5 · 10 cm

of

9 · 106 cm2 /V s

would be set by a charged impurity concentration of

of the latter do counteract the density variation, but still add to the mobility reduction.

11.2.2 Variable Tip temperature
In any case, sacricing more than half
the electron mobility to get a defect-poor

mobility

sample surface is undesirable. Therefore

[10

6

density

cm2 /V s]

[10

11

cm−2 ]

relative
mobility

we investigated a set of temperature proles for the gallium tip heating, which are
schematically drawn in gure 11.3. Apart

a)

15.52

3.01

reference

6.00

3.19

40%

8.67

1.399

reference

3.75

1.371

43%

9.80

2.825

reference

4.618

2.979

45%

9.80

2.825

reference

3.83

2.715

41%

5.15

3.937

reference

2.63

4.366

46%

from the tip temperature, all structures
were grown with an identical set of parameters and layers.
Two samples, A and E, had continuously cold and heated gallium tip; in sam-

b)

ple B we powered down the tip heating
during the actual growth process, starting ca.

200 nm

below the quantum well.

To keep the growth rate equal, the
bulk temperature was adjusted at the
same time.

Stable temperatures were

reached after

360

seconds or

110 nm

c)

be-

low the quantum well. In sample C, the
same temperature adjustment was performed, only during a
interruption

110 nm

390

second growth

d)

below the quantum

well. In sample D, the temperature prole of C was expanded by heating up the
tip again during another growth interruption immediately after the upper doping
layer was placed

75 nm

above the quan-

tum well.

e)

Table 11.1: Comparison of magnetotransport characteristics for various sample types. a) Quantum well, QW-

As expected, the variable temperature

doped from both sides with additional top- and backside

schemes yielded mobilities between the

6
2
two extremes for cold (15.05·10 cm /V s)
6
2
and hot tip (5.98 · 10 cm /V s). The best

70 nm setback,
320 nm below the surface; c) and d) high-density MDSI
with 50 nm setback, 300 nm below the surface; e) highdensity, shallow MDSI, 40 nm setback, 90 nm deep with

result was achieved with sample C, where

low electron mobility.

doping layers; b) low-density MDSI with

the tip was cooled during a growth interruption, with

13.89·106 cm2 /V s (92% of the reference value).

This excellent result conrms

that high surface quality can be achieved (see above) with only minor cost with respect to
the 2DEG's magnetotransport characteristics. Cooling down the tip region before growing the 2DEG region eectively prevents contamination by the heated surroundings of the
eusion cell.
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The rather long growth interruption of
six and a half minutes proved to be uncritical as well.

A high quality 2DEG reacts

sensitive to pauses near the quantum well,

a)

as for the time of the interruption residual
impurities are continuously incorporated to
the sample surface.

The estimated impu-

rity concentration of

2.5 · 1014 cm−3

stem-

b)

ming from a heated tip leads to an impingement rate of

107 cm−2 s−1 .

If we assume an

exponential decay of this rate during the
cooldown procedure, reaching the emanation rate of the cold tip state after
we get an impurity layer of about

350 s,

109

c)

car-

−2 . If we compare this number
riers per cm
to the amount of donors at the lower dop-

12 cm−2 ) and their distances from

ing (2 · 10

the quantum well 

200 nm

and

78 nm

d)

for

the doping layer  it is understandable that
the 2DEG density is not aected.
The still present mobility reduction can
be explained by the minor accumulation of

e)

residual gases in the chamber with charged
impurities from the heated tip, leading to a

µ

n

A

15.05 · 106

2.944 · 1011

B

10.21 · 106

2.889 · 1011

C

13.89 · 106

2.941 · 1011

D

11.32 · 106

3.026 · 1011

E

5.98 · 106

3.081 · 1011

slightly elevated impurity concentration in
the 2DEG region of the sample.
If the cooldown procedure is conducted
while growth is continued, as with sam-

2.889 ·
1011 cm−2 is observed, along with a mobil6
2
ity of 10.21 · 10 cm /V s (68% of the reference, 70% normalized). The lower mo-

ple B, a reduced electron density of

bility with respect to sample C can be accustomed to a decreased crystal quality (as

Figure 11.3: Dierent temperature proles for the Ga

there is no interruption to thermally heal

tip: a) Reference with cold tip, b) tip cooled down

the surface) and to enhanced impurity mi-

during growth, c) cooldown in a growth interruption, d) cooldown below and heat up after the 2DEG

gration towards the lower doping area.
In sample D nally, adding a second

region, e) reference with hot tip (illustrated by red
lines).

A schematic drawing of the structure's con-

growth interruption shortly after the upper

duction band is given in black. The table below notes

doping and heating the tip caused a higher

the corresponding characterization values in units of
cm2 /V s and cm−2 .

11
−2 and a
electron density of 3.026 · 10 cm
6
2
reduced mobility of 11.32·10 cm /V s (75%
of the reference,

73% normalized).

Compared to sample C, we nd the mobility reduced to

80% by the second temperature variation.

The characterization values suggest a moderate

incorporation of charged background impurities, leading to the increase in density and
decrease in mobility.
Here, it is hard to make a reasonable quantitative estimation of the added impurity
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concentration: On the one hand, part of the density increase may be accustomed to the four
minute growth interruption immediately after the regular doping is placed (while the substrate was at

490° C ), which might have reduced Si migration, leading to a smaller eective

setback. On the other hand, one surely must expect a higher impurity concentration than
for the cooldown case, as at least the tip heating laments and their direct surroundings
temporarily attained much higher temperatures than in stable, hot-tip condition.
In summary, we can state that a transition from hot-tip to cold-tip condition during
a growth interruption at sucient depth below the quantum well itself (200 nm) leads to
very acceptable damage to the 2DEG mobility while the surface quality is signicantly
improved (as described in the above section). So, this procedure represents a favourable
way to obtain low defect densities while still keeping the high quality of our best 2DEG
samples intact.

11.3 Crucibles and mobility
Above we described how the use of a conical crucible is generally favourable in terms of
defect density on a sample's surface (generally lower by a factor of two compared to a
SUMO crucible).

However, analogue to the results of the heated tip study, the defect

density correlates reciprocally to the electron mobility. For example, the highest electron
mobilities that were achieved during our rst growth campaign was
grown with a SUMO crucible.
mobility of

18.33 · 106 cm2 /V s,

Repeating the run with a conical crucible resulted in a

9.18 · 106 cm2 /V s.

During the second growth campaign this dierence became even more prominent. Top
values were

23.11 · 106 cm2 /V s

(SUMO) and

3.75 · 106 cm2 /V s

(conical).

However, the

choice of the crucible alone cannot be held responsible for these massive dierences, as
in our second MBE-setup (E-chamber), we nd the picture reversed:

13.92 · 106 cm2 /V s was produced with a conical crucible,
2.75 · 106 cm2 /V s.

A maximum of

while the SUMO never surpassed

One would expect a slightly better sample quality from a SUMO crucible, because of
the lower temperature needed to acquire a given growth rate (ca.

1000° C

900° C

compared to

for a conical), and with that, lower impurity evaporation.

A much bigger role plays the source material that is lled into these crucible types.
In section 2.4 we commented on the challenges of selecting ultrapure gallium as source
material to produce highest quality 2DEG samples.
This makes a comparison between two types of eusion crucibles almost impossible:
One has to ll identical batches of material in both crucibles. The term identical includes
exact accordance in manufacturer, production lot, storage time and conditions and even
date and details of the procedure of lling and mounting the crucibles into the growth
chamber. All those requirements are rarely met, especially as one usually avoids loading
both gallium cells with the same manufacturer and/or charge number.

We will see in

chapter 12 that it takes three to six months before a reliable judgement on the gallium's
quality can be made. If one charge of gallium turns out to be contaminated, the second
can then act as fallback.
In fact, during the whole growth history of our group, covering more than ten years,
a total of four MBE setups and twelve growth campaigns, we know of only one situation where a comparison between SUMO and conical crucibles is legitimate: During the
2003/04 campaign of the D-chamber, top mobilities of

13.2 · 106 cm2 /V s

(SUMO) and
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(conical) were achieved.

This nding points towards the SUMO crucible as the better option for high quality
growth, in accordance with the above argumentation about the dierence in required cell
temperatures.
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It is well established that the presence of charged background impurities (CBIs), incorporated during MBE-growth in 2DEG structures optimized for high mobility, is the main
factor limiting low-temperature electron mobility ([28, 3]). In structures with appropriate
coulomb screening of the ionized donors and smooth interfaces of the quantum well itself,
CBI's are held responsible for the majority of all scattering events the 2DEG's electrons
experience.
Therefore, a reduction of the CBI-level in the grown structures (and the growth chamber
itself ) is a crucial factor when aiming at increasing our 2DEG quality.

12.1 Source materials and eusion cells
As mentioned in chapter 11, the source materials used for growth operations  namely
gallium, aluminium and arsenic  contain small but relevant amounts of impurities. Some
of these impurities are of special interest as they are known to not only cause crystal
defects, but also act as donor or acceptor in (Al)GaAs, thus forming charged scattering
centres with great impact.

From glow discharge mass spectrometry (GDMS) analysis

of MBE-grade source material we know that carbon and oxygen usually dominate the
impurity concentration.
Unfortunately, the only way to decide whether or not a batch of source material is
suciently puried to allow for high electron mobilities is to employ it in a growth campaign
and monitor the development of sample characteristics for an extended period of time.

12.1.1 Gallium
The purest gallium that is commercially available is specied as 7N5, meaning a purity of

99.999 995%. GDMS analysis revealed however carbon and oxygen levels between 70 and
180 ppb (see table 2.2), equalling a summarized CBI-concentration between 1.5 · 10−5 %
−5 % for these two elements. Assuming a sticking coecient of one, we get an
and 3.5 · 10
15
−3 range in a GaAs crystal grown with such gallium.
impurity concentration in the 10 cm
Fortunately, the bulk of these impurities outgasses from the crucible quickly or remains
permanently in the molten material, so that electron mobilities tend to see a signicant
increase during the rst weeks of a growth campaign.
This development is well known for high mobility research MBEs (reported e.g.

by

Umansky [32] and Schmult [139]) and is also observed in the early stages of our growth
campaigns.

In gure 12.1 we present the electron mobility development, obtained from

MDSI structures with setback distances between

30

and

70 nm

(increasing with higher

sample quality).
The black squares represent the beginning of the D-chamber growth campaign in Zürich.
Sample mobilities started at

16 ·

106 cm2 /V

s

4 · 106 cm2 /V s

circles), the development started at
after only

25

and increased with a attening slope until

were reached after 70 growth runs. After setting up the F-chamber (red

2.5 · 106 cm2 /V s and came to a halt at 7.5 · 106 cm2 /V s

samples were produced.

While a diminishing CBI-level as reason for this quality increase is beyond discussion, it is dicult to determine which source contributes in what magnitude to that limit.
Newly loaded gallium of course contains impurities, but the loading procedure also requires breaking the chamber vacuum. Such procedures are usually conducted in an inert
gas atmosphere, but leakages during or after the loading procedure can never be excluded.
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Figure 12.1: Mobilities at one Kelvin, during the early stage of a growth campaign, depicted for the D6
6
2
chamber (black) and F-chamber (red). Initial values were 4 · 10 and 2.5 · 10 cm /V s (obtained from
MDSI structures with variable setbacks). For the F-chamber, mobility increased until saturation occurred
6
2
at 7.5·10 cm /V s after 25 grown samples. In the D-chamber, mobility rose for about 70 runs with initially
6
2
steeper slope to a maximum of 16 · 10 cm /V s (inset).

However, the detection capability of the chamber's mass spectrometer is good enough
to nd any leakage that would limit mobilities to about

< 20 · 106 cm2 /V s.

If done

properly, a chamber opening can be considered uncritical: In April 2013 the D-chamber
was opened to relocate (but not replace or rell) the Ga4 eusion cell.
reached

22 ·

106 cm2 /V

s

Top mobilities

shortly before the opening. The very rst growth run after after

11 · 106 cm2 /V s, and the values were back
th run in total). According to Schsample (14

re-establishing the vacuum yielded more than
above

20 ·

106 cm2 /V

s

with the third test

mult's ndings we therefore accustom the observed initial mobility increase mainly to the
continuous self-cleaning of gallium.
We recognize the argument that a rell procedure includes not only the gallium itself,
but also a crucible and sometimes the whole eusion cell is replaced. Impurity evaporation
from these sources might consequently contribute to the mobility limitation.
This idea is however ruled out by the experiences that were made in our group with insitu relling the gallium cell. Several times, a gallium ingot was inserted using the modied
transfer rod without removing the eusion cell or breaking the chamber vacuum. Every
time this was done, electron mobilities started out at several
over a period of

40

to

80

105 cm2 /V s

and recovered

growth runs.

Coming back to the data presented in gure 12.1, we conclude that a high starting mobility and rate of increase point towards a good gallium quality. The D-chamber
growth campaign in Zürich started with

4 · 106 cm2 /V s

and led to a record mobility of

23 · 106 cm2 /V s. The previous campaign (conducted in Regensburg) began with
106 cm2 /V s, reaching a maximum at 18.3 · 106 cm2 /V s.
When beginning with a mobility in the

105 cm2 /V s

2.8 ·

range, a prediction is much harder

to make. Literature as well as our experience has seen low initial values that still evolved
into mobilities around

107 cm2 /V s,

but we also observed peak values of

2.7 · 106 cm2 /V s
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13.9·106 cm2 /V s

were reached using another gallium source.
The total value at which the mobility saturates in a growth campaign allows to estimate
the general CBI-level in a setup. The mobility limit of the F-chamber campaign (red dots
in gure 12.1) was reached at

7.7 · 106 cm2 /V s,

although the high initial values justied

much higher expectations similar to the results of the last Regensburg campaign.
This nding ts to a persistent presence of oxygen in the F-chamber, indicated by
mass spectrometry data showing a signicant level of arsenic oxide, whose origin is to date
unknown.

Further support is lent by the second gallium source in this chamber, which

is loaded with a dierent manufacturer's material and shows a very similar behaviour
(although at a slightly lower mobility of

6.6 · 106 cm2 /V s),

thus ruling out gallium as the

responsible factor.
Finally, from the slope and the number of samples for which the mobility increase
continues, one can make assumptions concerning the share of CBIs that is contributed by
the gallium. A long and gradual mobility increase as in the D-chamber suggests that the
CBI evaporation from gallium slowly approaches the general level in the chamber, while a
fast and abrupt transition into saturation as in the F-chamber indicates the gallium source
to be signicantly cleaner than the growth environment.
In conclusion, our experiences underline that it is impossible to predict the suitability
of a certain gallium lot for high-mobility growth prior to it's use in actual growth.

A

careful inspection of the rst few samples however allows for an approximate prediction of
maximum values, if the general CBI-level of the setup is known. Further, we conclude that
even in our setup, producing

> 20·106 cm2 /V s samples routinely, a higher level of material

purication would be desirable, despite the evident challenges to detect the success of such
eorts.
To achieve this goal, we designed and installed a zone rening facility for small amounts
of gallium (up to ca.

200 g )

in our laboratory. As the material to be processed is already

of highest quality, the design is optimized for exceptional purity. (Theoretical background
and technical details of the method of zone rening are covered in [30].)
The gallium is poured into a row of copper lamella that are lined with the same pyrolytic
boron nitride of which eusion crucibles are made from. The process of moving a molten
zone through the solid gallium rod is driven by a powerful semiconductor laser heating the
lamella from outside the renery chamber. Avoiding the inevitable contamination caused
by resistive heating coils allows to conduct the whole process under MBE-grade UHV
conditions (base pressure

3 · 10−11 mbar,

no prominent peaks in the mass spectrum). A

schematic of the central block of the facility is depicted in gure 12.2.
The principle of zone rening, i.e. concentrating impurities towards the front and rear
ends of the processed ingot can also be used to investigate the success of a purication run:
Impurity concentrations in the enriched parts can be compared with reference data for the
original material.

The center of the ingot can then be expected to be stripped o that

dierential amount. In such a way we hope to acquire not only a possibility to estimate
impurity levels that are beyond conventional detection, but also signicantly cleaner source
material for MBE growth, nally leading to increased sample qualities.
By the time this thesis is written, a test run is about to be conducted, and processed
MBE-grade gallium should be available by end of 2014.
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The gallium is located inside a UHV-chamber

(1) in a row of copper lamellae (2) forming a cavity lined with PBN. The lamellae are mounted on a
water-ethylen cooled block (3) to enable a large temperature gradient between cooled and heated lamella.
Heating power is provided by a pivotable semiconductor laser that is directed at the lamella from below
through a large viewport (4). A closed-cycle helium cryopump is mounted to the top ange (5). After
purication, the whole system is tipped by 45° and the laser is used to melt the gallium batch from the
left to the right end of the lamella row. A feedthrough with a shutter to the low end (6) and a set of PBN
crucibles (7) on a shiftable mount allow to selectively extract and store the gallium's front and tail and
the puried center under UHV conditions.

12.1.2 Aluminium
Intuitively, one would expect comparable eects on sample mobility from newly loaded
aluminium, considering that aluminium suited for MBE purposes is commercially available
with a purity of up to

6N 5 (99.99995 %),

one order of magnitude lower than for gallium.

However, this seems not to be the case.
It is hard to obtain experimental evidence for aluminium as the source of an observed low electron mobility right after loading the eusion cell.

While several times

we reloaded/exchanged only a gallium crucible and left the remainder of the system untouched, no such situation occurred for the aluminium source. For that reason, it can not
be excluded that a fresh batch of aluminium contributes to the low sample qualities, but
a hard and persistent mobility limit set by aluminium has never been observed.
Whenever sample mobilities were stuck low, the problem could be solved by employing
another gallium source with no changes to the aluminium. Here we have to mention that
the rst growth campaign of our E-chamber (dedicated to the investigation of topological
insulators) was terminated with maximum mobilities below
accident.

5 · 105 cm2 /V s

through an

Re-establishing the system involved the replacement of b the aluminium and

both gallium sources, leading to

13.9 · 106 cm2 /V s.

This lets one to decide which eusion

cell contained the contaminated material: Either both gallium cells at once or aluminium.
We strongly believe in the gallium's responsibility, because both cells were initially
loaded with a batch of material that has never been employed in any high-mobility MBE
that we know of. The aluminium in contrast was taken from a production lot that was
evidentially reliable.

At the same time,

20 · 106 cm2 /V s

sample were produced in the

D-chamber with the very same aluminium batch.
So, despite it's higher initial impurity level, we are positive that the aluminium itself does not contribute signicantly to the CBI level in our growth chambers and 2DEG
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Figure 12.3: Partial pressures of mass 28 (lower) with variable aluminium heating power (upper part)

70 W for the 30 s at the lower interface and during quantum well growth,
25 %. After nishing the quantum well, aluminium growth temperature was
regained by either setting the power to 150 W for 260 s (sample A, represented by the black/grey line), or
by overheating with 170 W for 150 s, in both cases followed by another 30 s at 135 W to stabilize (sample
vs.

time.

Power was set to

reducing mass-28-level by

B, red/pink). Original data are shown in grey and pink, while the black and red line represent nearestneighbour ts for clarity. In the upper part, the power settings are visualized in grey (sample A) and pink
(sample B).

structures, although a short phase of impurity-rich bake-out at the beginning of a growth
campaign is probable.
The eusion cell itself is however a dierent story.

In section 11.3 we concluded that

through it's high temperature, an eusion cell promotes impurity evaporation from it's
surroundings.

The aluminium cell now is operated at temperatures considerably higher

than gallium cells (1050 to

1130° C ,

depending on the required beam ux).

It was therefore logical for our eorts to increase sample quality by reducing the aluminium cell temperature when possible.

It seems especially advisable to do so during

growth of the GaAs quantum well hosting the 2DEG, as this layer is naturally most sensitive to background impurities.
As benchmark we used mass spectrometry data of

28

atomic mass units (amu) (cor-

responding to nitrogen and carbon monoxide). Mass 28 always forms a signicant peak
when the aluminium cell is heated and it's development can be considered associated with
atomic species like carbon or oxygen that are present with much lower partial pressures
(and are much harder to detect), but are nevertheless much more potent scatterers.

70 W
Al0.24 Ga0.76 As setback layer of the samples

For this experiment, we reduced the electrical power to the aluminium cell to
(135 W during growth) directly after the lower

had nished. The cell remained in this state while the quantum well was grown, for a total
of

140 s.

The partial pressure of mass 28 dropped by

25 %,

as shown in gure 12.3.
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Sample A

Sample B

Sample C

mass 28 density [cm

−2

]

2.05 · 1011
(84.7 %)

2.00 · 1011
(82.6 %)

2.42 · 1011
(100 %)

6.69 · 1011
(75.3 %)

6.68 · 1011
(75.2 %)

8.88 · 1011
(100 %)

2.295 · 1012
(1358 %)

1.536 · 1012
(909 %)

1.69 · 1011
(100 %)

290 s

180 s

30 s

13.99

14.70

12.82

]

3.082

3.059

3.134

(norm.)

110 %

117 %

100 %

lower interface
(rel. amount)
quantum well
(rel. amount)
upper interface
(rel. amount)
interruption
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(upper interface)

µ [106 cm2 /V s]
n [10
rel.

11

µ

cm

−2

Table 12.1: Total amount of impinged impurities (associated with mass 28) for samples A, B and C for
growth interruptions at lower and upper interface and during actual quantum well growth. Impurity levels
at lower interface and during quantum well are reduced, but massively increased at the upper interface
due to the long growth interruptions.

Magnetotransport characterization data shows that the mobility

increases due to the reduced impurity levels despite lowered 2DEG densities (compare samples A, B with
C). The high level at the upper interface partially osets (compare A and B) the gain.

To produce the upper setback, the cell was brought back to stable growth temperature
during a variable growth interruption. For sample A (mass 28 represented by the black
line) the heating power was set to

150 W

260 s,

for

after which the power was reduced to

the amount needed for the desired growth rate (135 W ) and another

30 s were added for the

cell temperature to stabilize. In sample B (red line), the aluminium's growth temperature
was regained by overheating with
and a

30 s

stabilization period.

170 W

for

150 s,

also followed by a reduction to

135 W

For the reference sample C (not shown in gure 12.3),

aluminium was kept at constant heating power. The mass-28-level was also constant at

9.5 · 10−12 mbar

during the whole period, comparable to the respective values of sample A

and B during setback growth.
The gure shows that both proles dier in the partial pressures during the heat-up
period. Setting the heating power to

150 W

results in a gradual pressure increase with a

slight overshoot (black line). Strong overheating with

170 W

leads to a much higher mass-

28-level (red line), but for a shorter time and thus a lower total amount of impurities.
Summarized in table 12.1, we succeeded to reduce the total impingement of mass-28
impurities to

85 %

at the lower interface and to

75 %

while growing the GaAs quantum

well, however at the cost of the impingement to the upper interface raising by a factor
of

9

and

13.5,

for fast and slow heat-up respectively. The impurity density numbers were

calculated from equation 2.1 in section 2.3, multiplied with the layer growth/interruption
time.
Electron mobilities increased from

106 cm2 /V

s

12.82 · 106 cm2 /V s (sample C, reference) to 13.99 ·
s (sample B), equivalent to 110 % and 117 %

6
2
(sample A) and 14.70 · 10 cm /V

taking into account the density variation. So, the impurity reduction during lower interface
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Figure 12.4: Electron mobility development after relling the As supply. Shown in red is a rell of the big
valved cracker cell, the black squares represent data obtained with a small batch of arsenic in a conical
crucible.

and quantum well signicantly increases sample quality. The much higher impurity level
at the upper interface has a smaller, but still signicant negative eect, reducing

µ

by

5%

(from sample B to A, only this variable was changed).
This is understandable, as incorporated impurities tend to migrate along the growth
direction. The reductions have a strong impact on the total impurity level in the quantum
well. Impurities at the upper interface are less eective scatterers, as they wander away
from this sensitive layer.

12.1.3 Arsenic
There are prominent parallels between arsenic and aluminium as MBE source materials,
despite dierent cell geometry and parameter range (most prominent, arsenic's typical
evaporation temperature during growth operation is

∼ 300° C ).

Available purities for ar-

senic are also 6N5, and so far we did not observe a long-term mobility limitation accustomed
to the arsenic source. Whenever a growth campaign was stuck below

106 cm2 /V s,

an ex-

change of gallium (and aluminium) solved the problem without touching the arsenic. This
is fortunate, because our standard arsenic eusion cells can hold up to

2500 g

of material,

enough for about ten years and several growth campaigns.
Other than with aluminium however, we twice had the chance to investigate the development of sample mobilities after employing a new batch of arsenic (without any other
changes to the MBE setup). In both cases, we found a mobility-development comparable
to that of a new gallium batch, as shown in gure 12.4. The rst was a batch of
loaded into a

40 cc

200 g ,

conical crucible in a conventional eusion cell, the second was a rell

of the valved cracker cell.
After the arsenic supply had run out in January 2011, we rst employed the small batch
of arsenic, which was installed in a standard shuttered cell to have the option of abrupt
changes in arsenic pressure for specialized growth operations. Unfortunately,

200 g

proved

to be a far too small amount for continued growth, and after no more than 18 runs, the
material was used up. During this short period of growth electron mobility rose constantly
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to a maximum of

4.6 · 106 cm2 /V s,

beginning from

4.6 · 105 cm2 /V s,

135

as illustrated by

the black squares in gure 12.4. (Note that the lower and right axis accustomed to the
black squares are amplied by a factor of two with respect to those applying to the red
circles.) This is comparable to our experience with in-situ relled gallium and may thus
point towards a similar thermal self-cleaning eect. The early end of material supply did
however not allow investigations on a potential long term mobility limit set by arsenic.
An optical inspection revealed that the alarmingly short endurance (a rough estimate obtained
from our valved cracker cell is around one gram of
arsenic per growth run) was due to an extremely
inecient beam prole.

Through the wide cru-

cible opening a signicant share of evaporated arsenic impinged on the nitrogen cooled cell port.
Subsequently, material assembled at the port's
edges, blocking the crucible opening and further
worsening the relation of evaporated material and
arsenic reaching the substrate. Figure 12.5 illustrates the situation.

We evaluate that at least

a third of the initial arsenic batch was lost this
way, plus an unknown amount of material invisible from the constricted view angle.
The red dots in gure 12.4 indicate the mobil-

Figure 12.5: Arsenic deposits at the cell port

ity development after relling the valved cracker

partly block the crucible's opening. To the up-

3.1 ·

per left a clean cell port (with closed shutter)

cell of the D-chamber.

Starting out at

106 cm2 /V s, electron mobility approached our
6
2
top values very quickly, reaching 19 · 10 cm /V s

can be seen for comparison.

and stabilizing thereafter. It resembles the gallium-related development at the F-chamber,
where the growth material quality rapidly improved until it's impurity contribution became
insignicant compared to the general level of the chamber background. Although now, it
happened at a much higher rate: The maximum was reached after 14 samples and an improvement rate of more than
for the F-chamber and

3·

1.3 · 106 cm2 /V s per growth run, compared
s for the D-chamber (gure 12.1).

to

2 · 105 cm2 /V s

105 cm2 /V

Consequently, we can conclude that arsenic's material quality sets no limits to the
achievable sample quality.

12.1.4 Silicon
When aiming at minimizing the impurity level during growth operations, the silicon doping cell is naturally a point of concern.

Creation of the dopant ux requires very high

temperatures close to crystalline silicon's melting point of

1410° C .

In order to keep the

thermal load during this process at bay, the heated silicon batch is a small slab of roughly

10 · 20 mm2

with a thickness of

0.5

glow with moderate power input.

to

0.7 mm.

This allows to bring the silicon to bright

Normally, two or three of these slabs are placed in a

doping cell for fail-save protection and to reduce the required power for a given doping
through parallel heating of two slabs.
Despite it's low mass, a heat-up of the slab's surroundings and with that the evaporation
of impurities is inevitable, and the risk of compromising the chamber vacuum scales with
the time the cell stays heated.
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Figure 12.6: Silicon cell temperature proles and simulated lower doping. The sample structure is depicted
by the conduction band (black), 2DEG wave function (blue) and the Fermi level (red). The Si heating
power is illustrated by the green line, the yellow bands mark a growth interruption without actually doping.

In order to investigate the silicon cell's inuence on sample mobility, we concentrated on
the lower doping area of quantum well samples doped from both sides. This lower doping
area was suspected to severely interfere with high sample quality form the experiences we
made with MDSI and inverted 2DEG structures. The former, consisting of a GaAs-AlGaAs
heterojunction followed by a Si
of

16.15 · 106 cm2 /V s.

δ -doping

layer after a setback, yielded record mobilities

The latter, where the doping is placed below an AlGaAs/GaAs

interface never exceeded

7.09 · 106 cm2 /V s.

Additionally, combining both structures to a

quantum well doped from both sides  expected to have mobilities higher than the sum
of the base structures due to reduced inuence of IR and RI scattering  were limited to

19 · 106 cm2 /V s.
Two series of samples were produced, all with a rectangular quantum well of
setback distances of

75 nm (70 nm)

30 nm and

upper (lower) setback. The rst series (samples A, B

and C) was grown without lower doping. Sample A served as reference, while sample B
featured a

70 s

growth interruption where the lower doping would have been placed, and

this growth interruption was accompanied by a heat-up of the Si-cell (with closed shutter)
in sample C.
In the second series, the lower doping was actually inserted (sample D). For sample E,
we did not cool down the Si cell after the lower doping to cover the inuence of a heated
doping cell during quantum well growth, and nally we heated Si

30

minutes prior to the

lower doping. A schematic of the silicon temperature prole can be found in gure 12.6.

70 nm below the quantum
6
2
from 10.38 · 10 cm /V s to

Table 12.2 summarizes our ndings: The growth interruption
well (sample B) has only a small eect, reducing the mobility

9.57 · 106 cm2 /V s (93.6 % normalized). A comparable and stacking eect is caused by the
70 s heat-up of the silicon cell in sample C, which showed a mobility of 9.33 · 106 cm2 /V s
11
−2 .
(90.0 % normalized). Electron densities remained unaected at 1.775(±0.015) · 10 cm
We may assume therefore that a typical heating period (45 s heat up + 25 s actual doping
= 70 s) does not contribute more CBIs to the structure than the amount that is desorbed
through a 70 s growth interruption at that stage of the run.
The mobility cost accustomed to heating up the Si cell and halting growth for 70 s
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is partly reproduced in sample D of the second series. Here, a doping layer was actually

2.774 · 1011 cm−2

deposited, raising the sample's electron density to

and the mobility to

14.95 · 106 cm2 /V s. Normalizing sample A's mobility to this higher density (using the
0.9 for high-quality 2DEGs), one gets 15.40 · 106 cm2 /V s, of which sample
relation µ ∼ n
D reaches

97 %.

The discrepancy between the relative mobilities of sample C and D has

structural reasons, as the 2DEG of a DSQW is less inuenced by IR-scattering.
In sample E, the Si cell was powered up for the lower doping, but then kept at constant
power during the whole 2DEG region.

The eect can best be described as devastating:

2.44 · 106 cm2 /V s,

Electron mobility dropped to

while the density increased to

3.060 ·

1011 cm−2 . Both changes can be accustomed to a massive contamination by evaporating
CBIs from the cell surroundings.

4.32 · 106 cm2 /V s

The quality of sample F was found to be a surprise:

1011 cm−2 . Here, the silicon cell was powered up not
well (as in sample E) but already

30 minutes earlier.

320 s

and

2.831 ·

prior to growth of the quantum

While still being drastically inferior to

sample D, these values are far better than the results obtained from sample E. A possible
explanation is, that heating up the cell causes a burst of impurities evaporating from the
cell surroundings (including the closed shutter that is subject to the greatest part of the
emanated thermal radiation). Those impurities seem to be present in the growth chamber
for several minutes, until they are removed by cryopumps and liquid nitrogen shroud. So,
the raised impurity level may have a great impact on a 2DEG whose quantum well is
produced some minutes afterwards, but with the eect partly faded half an hour later.
In summary, we identied the silicon cell as an important source of potential sample
contamination.

Implementing the lower doping does reduce sample quality, but to gain

the advantages of a double sided doping, this reduction is unavoidable and  considering
the much higher total mobilities  can be accepted. Keeping the heated periods as short
as possible is however highly recommendable  suggesting that a high cell power and short
doping time can be expected to be favourable as opposed to lower heating that would
require extended doping time.

12.1.5 Carbon
All the principles and implications discussed above apply to the carbon doping cell as
well, of course with several dierences. The most prominent is that the carbon lament
acting as source for p-type dopants is operated at much higher temperatures exceeding

2000° C

of the lament and more than

1400° C

measured in the cell.

In fact, carbon is

the only eusion cell that has a profound eect on chamber vacuum. Massive increases

sample

A

B

C

D

E

F

µ [106 cm2 /V s]

10.38

9.57

9.33

14.95

2.44

4.32

n [1011 cm−2 ]

1.790

1.761

1.788

2.774

3.060

2.831

100%

93.6%

90.0%

97.1%

14.5%

27.5%

(100%)

(13.2%)

(25.0%)

rel.

µ

[norm.]

Table 12.2: Characterization data at

1.3 K

for sample A through F. The normalized relative mobilities are

noted with respect to sample A (numbers in brackets with respect to sample D, second series only).
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of partial pressures associated with amu
(nitrogen, carbon monoxide),

16

12 (carbon), 14 and 28
18 (water), 29 and 30 (nitric oxide)

(hydrogen),

(elementary oxygen),

6
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and

are observed every time the carbon cell is powered up. Mass spectrometry data illustrating
this massive inuence on the chamber vacuum, and thus sample quality, is presented at
the end of this section (gure 12.8).
The second big dierence is that carbon, acting as p-type dopant in GaAs/AlGaAs, is
rarely used for 2DEG growth. Although we produced a number of 2DHGs in the course of
this work, and did so very successful (top hole mobilities were
cover this part in great detail.

> 106 cm2 /V s),

we won't

Our focus is on 2DEG samples and their optimization

especially with respect to their FQHS performance; because of the holes' high eective
mass, 2DHG are naturally not well suited to yield high FQHS activation energies.
Under certain circumstances however, incorporation of carbon dopants may be useful
for 2DEG growth.

A p-doped layer can act eectively as tunnel barrier and electrical

insulation, e.g. for gated structures. Also, the idea had been around to employ a continuous
low-density carbon doping to compensate for the natural n-conductivity of undoped GaAs.
To study the inuence of the carbon cell on high quality 2DEG structures, we conducted
an experiment similar to the rst series discussed in the above section (samples A, B and C).

30 nm wide quantum well, δ -doped from above with silicon at a
70 nm, was used. 70 nm below the quantum well, a growth interruption

As basis and reference, a
setback distance of

was inserted, during which the carbon cell was heated (but the shutter not opened) with
variable electrical currents of

45, 46, 47 and 50 Ampere.

Note that hereby we're at the low

end of the current spectrum, as typical heating currents used for actual p-doping are in
the range of

50 − 54 A,

equalling dopant densities of

1.5

to

2.4 · 1011 cm−2

per second of

doping time. As with silicon, we chose a typical doping period for the interruption, which
is

160 s

in case of carbon (125 s heat up +

25 s

actual doping).

The resulting electron mobilities and densities are shown in gure 12.7 a) and b). The
dierent sections of the experiment are colour-coded. Depicted in black are the values for
the reference (big square) and for heat-up periods with increasing current.
values experienced only minor changes (<

1 %),

current to the carbon cell was set to

50 A.

6
2
reaching 2.55 · 10 cm /V

while the value for

s at 47 A,

The density

except for a massive reduction when the

Electron mobilities showed strong linear decrease,

50 A was only 37000 cm2 /V s,

much

worse than for example a comparable 2DHG sample, where carbon is actually used as
dopant.
Similar to the silicon experiment, these ndings point towards a release of impurities
through the emanated thermal power of the doping cell. Due to the higher temperatures
(and power:

∼ 200 W

instead of

∼ 75 W

for the silicon cell) involved, the eect is much

more severe.
In the gure, three more samples are presented, giving further support to our conclu-

46 A
20 minute growth interruption.
2.6 · 109 cm−2 , but reduced the mobility

sions. The sample represented by the olive square is connected to the regular (black)
sample. The heating prole was identical, but followed by a
This led to a further slight density reduction by
from

5.19 · 106 cm2 /V s

to

2.07 · 106 cm2 /V s.

This can be explained by to a high amount

of impurities adsorbed to the wafer's surface during the long growth interruption. Due to
the higher temperatures involved, a continued evaporation of impurities for a longer time
seems plausible (which would explain why in case of silicon a timespan of

30

minutes was

enough to considerably lower the CBI level in the chamber).
Marked in light blue is a sample where the heating was performed with

45 A,

but for
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a)

b)
Figure 12.7: Dependence of electron mobility (a) and density (b) on heating current through the carbon
cell in the lower doping region.

The heating period was performed without growth

quantum well for various times (colour-coded):
without heating the carbon cell (olive),

200 s

160 s

(black),

(light blue) and

160 s followed by
150 s (dark blue).

without heating period or interruption is represented by the big black square.

70 nm below the
20 minutes

additional

The reference sample
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200 s.

This timespan would allow for the same doping density as with

ing times of

85 s

and

25 s

140

47 A and 160 s (dop-

respectively with subtracted stabilization time). The extended

time, despite the lower heating current led to a 2DEG quality even worse than the
sample 

17000 cm2 /V s

and

Similarly, the last sample (dark blue) was grown with a heating period of

47 A,

50 A

8.54 · 1010 cm−2 .

equalling the doping density of the

46 A/160 s

150 s

at

period. Here we nd that the shorter

5.34 · 106 cm2 /V s even slightly
11
−2 ) was
the regular 46 A sample. Also, the electron density (1.827 · 10 cm
1 % and 2 % higher than in the regular 47 A and 46 A sample.

heating period greatly improved the sample mobility, with
higher than
found to be

We conclude that the carbon cell's impact in terms of CBI evaporation is much higher
than any other eusion cell's.

This can be estimated from the mass spectrometry data

alone, but also may help explain the relatively low mobilities of carbon-doped 2DHGs (top
value worldwide is

2.6·106 cm2 /V s, compared to 36·106 cm2 /V s for 2DEGs), which cannot

be accustomed solely to the holes' higher eective masses.
Interestingly, we nd the electron densities decreasing with increased CBI load to the
chamber's vacuum. This however does not necessarily contradict our conclusion of CBIs
being majorly n-type. As can be clearly seen in gure 12.8, the carbon cell emits a signicant amount of carbon during heat-up, even with closed shutter. This may very well
(over)compensate the net electron gain stemming from other CBIs.
Note that a direct, quantitative comparison should not be made, because the carbon
level from a heated cell builds up over several minutes (depending on applied thermal
power and initial cell temperature). Thus, a signicant level after

160 (150, 200)

seconds

is denite, but cannot be quantied from our measurements.
In accordance to the conclusions drawn from the silicon experiment, we nd that higher
heating power (within limits) is favourable, as it allows for shorter doping times and thus
reduces CBI evaporation.

Final remark:

We acknowledge that the central lesson to be drawn from sections 12.1.4

and 12.1.5 may feel a bit unsatisfying, as one may read it simply as do the doping hot
and short and switch it o when possible. However, we'd like to point out that there
has been a long standing debate on the reasonable heating power limits to the doping cells
(rather than the technical ones). A higher doping temperature allows for shorter doping
times, but causes a higher ux density of impurities and vice versa: Low temperatures lead
to a lower ux density, but for a longer time.
This debate has now been settled.

Further, if the doping cells have to be employed

for longer periods of time in a growth run, the CBI-level can be reduced drastically by an
early heating of the cells during the rst layers of the run.
We identify the CBIs evaporate mainly from the closed shutters, and for this problem
even a general remedy is thinkable: Bakeout the shutters regularly (e.g.

prior to every

growth run) to get rid of CBIs adsorbed during standby time is technically no problem.
The eect from the silicon cell is probably to small to justify the eort, but for a growth
campaign emphasizing p-doped structures, an additional heating lament dedicated to the
carbon cell shutter is a viable option.
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a)

b)

c)
Figure 12.8: Mass spectrometry data for heated carbon cell. a): Heating current

50 A,

the mass spectrum

(red) shows increased partial pressures at atomic masses 2, 6, 12, 14, 18, 28, 29, 30 (compared to standby,
shown in black). b) Time-resolved levels of selected masses during a consecutive increase of the heating
current, starting at

42 A,

then

46, 48, 50, 52

and

54 A

(each value was held for

40

minutes). c) Current-

dependence of the pressure-levels shown in b), noted are average values after stabilization. The sets marked
with Ref.1 and Ref.2 visualize standby pressures (Ref.1) and values measured twelve hours after the
experiment was nished (Ref.2).
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12.2 Substrate heating
Even more than the eusion cells (with the exception of the rarely used carbon), the
substrate heating is an important source of thermally evaporated CBIs. As described in
section 2.6, it consists of four tungsten laments located in the manipulator head directly
below the substrate holder (see gure 2.6 b).

During growth operation, these laments

contribute a substantial thermal load to the setup by heating not only the substrate holder,
but the manipulator head itself.
Depending on details of the holder geometry, bringing a substrate to growth temperature (630° C ) requires between

160

and

210 W .

The temperature of the manipulator head

(car) is measured with a thermocouple located centrally between the laments and can
be used for comparison. Measured values range from

740

to

920° C .

The comparative mass spectrum shown in gure 12.11 at the end of this section illustrates that the manipulator heating causes signicantly higher peaks than any eusion cell
(again, except for carbon, for which a mass spectrum is given in gure 12.8), including
peaks corresponding to 12, 15, 29 and 44 amu that are seen exclusively in the manipulator's
spectrum.

12.2.1 Heating power/manipulator temperature
A direct correlation between electron mobility and car temperature/heating power is logical to assume. However, nding experimental prove for such a relation is dicult. Both
parameters are closely related to the substrate holders used for growth, and there is only a
small number of holders available at any given time during a growth campaign. Additionally, a grower instinctively avoids using a substrate holder requiring high heating power
for high-mobility growth runs.
In fact, the only single experiment where identical structures were grown with significantly dierent heating powers  while having identical pyrometer readings, i.e. growth
temperature  was performed in the F-chamber, which is known for yielding only moderate
electron mobilities. The result here was clear (details are given in table 12.3): Decreasing the heating power by
mobility rose by

60 %

36 W reduced the car temperature by 160° C .
3.85 · 106 cm2 /V s to 6.16 · 106 cm2 /V s.

In turn, electron

from

As it is generally not advisable to directly compare samples from two dierent setups,
one should be careful to transfer this result and expect the same behaviour from D-chamber
samples ranging in the

> 107 cm2 /V s

as well. In a chamber with lower vacuum quality,

more impurities settle onto the cold manipulator head during standby and thus increase
the eect upon heat up.
However, the eect can be found in the D-chamber as well: In gure 12.9, we show
the

1.3 K

electron mobilities of all 2DEG samples of the high-density-high-mobility type

(rectangular quantum well, doped with silicon from both sides) that were produced during
the Zürich growth campaign (a total of

280

samples). For both the mobilities measured

in the dark (black) and after illumination (red), there is a clear trend towards higher
mobilities at lower car temperature. Again, the growth temperatures of all samples shown
were basically identical, that is in the range of

625

to

630° C .

Comparing mobility with applied heating power, the same trend is present for power
values above

180 W .

The low values to the left can be accustomed to substrate holders

that allowed for very low heating powers, but were only used in the early stages of the
growth campaign.
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µ [106 cm2 /V s]

n [1011 cm−2 ]

Tcar [°C ]

power [W ]

Sample A

3.85

3.174

990

209

Sample B

6.16

3.143

830

173
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Table 12.3: Magnetotransport data of two MDSI samples (50 nm setback) produced with dierent substrate
heating power/manipulator temperature.

Figure 12.9: Mobility dependence of manipulator temperature (left) and heating power (right) for doublesidedly Si-doped quantum well samples produced in the D-chamber.

A positive tendency towards low

temperatures/heating powers is clearly visible for values obtained in the dark (black) as well as after
illumination (red).

12.2.2 Radiative substrate heating
As some way of substrate heating is needed for MBE growth, we pursue the idea separating
said heating completely from the UHV environment. To this end, a powerful semiconductor
laser can be directed through a suitable viewport at the growth substrate.
We used a stacked-diode laser emanating up to
of

35 W

cw optical power at a wavelength

808 nm to study the possibilities of such an approach. The beam was widened with a lens
22 · 32 mm2 and directed through a viewport onto a growth substrate

to cover an area of

that was mounted on a manipulator of the same type as is employed in our MBE setups.
Temperature measurement was performed with a ksa BandiT band edge interferometer.
Our ndings are summarized in gure 12.10, representing the substrate temperature
per heating power dependency of the dierent congurations.

Shown in black is a ref-

erence/calibration measurement using the tungsten laments of the manipulator heating.
The red squares represent the achieved substrate temperatures employing only the laser

5 % power loss due to the viewport's/lense's trans41 W , the
479° C .

(note that we have taken into account a

mittivity). When operating the laser at it's maximum short-period output of
substrate reached a temperature of

To study a combination of both congurations, the laser was set to a xed output and
the resistive heater power gradually increased (depicted in cyan with a laser output of

22.8 W

and blue with an output of

laser heating, temperatures of
and

525

35.4 W ).
530° C

and

Although at a lower eciency as with the
were reached with total power inputs of

61

60 W .

Figure 12.10 b) depicts an extrapolation of the best t to the data sets, representing the
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a)

b)

c)

Figure 12.10: a): Substrate temperature obtained with dierent heating setups: Conventional resistive
heating only (black), with additional
laser heating only (red); also shown:

21.6 W

from laser (cyan), with additional

33.6 W

from laser (blue),

Resistive heating of a ring holder (grey), laser heating of a ring

holder (pink). The coloured lines are guides to the eye. b): Extrapolation of required heating powers for
resistive, laser and combined heating to obtain usual growth temperatures (the blue line marks
c): Comparative plot of the resistive part only of the heating powers shown in a).

630° C ).
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respective total powers needed to bring the substrate to higher temperatures (the typical
value of

630° C

is visualized by a horizontal blue line). We acknowledge that, given the

small amount of actual data points, dierent geometry with respect to an actual growth
setup and the empirically gained manipulator power needed to reach

630° C (> 160 W ),

the extrapolations may not be exactly transferable to an operating MBE-setup.
However, we can conclude that a laser with an cw output in the range of

100 W

would

be sucient to replace the resistive heating. But even a weaker laser beam, employed in a
combined heating setup, would ease the thermal load to the growth chamber signicantly.
In gure 12.10 c), we compare the resistive part of the employed heating powers.
Over the full temperature range investigated, an auxiliary optical heating of
reduced the required resistive heating by
is

46 W .

30 W ;

for an optical output of

35.4 W ,

22.8 W

the value

Additionally, we could demonstrate that the laser heating not only is suited

to remove or at least reduce the thermal load to the growth chamber, we also found
a signicant reduction of car temperature: With the substrate at
temperatures of

600° C

for the resistive heating and only

220°

480° C ,

we found car

C when the laser was used.

12.2.3 Ring-shaped holder design
When employing an optical heating method, the available power is an important limit and
still needs to be held as small as possible, if alone for safety reasons. The standard substrate
holder is designed for use with resistive heating from the back side, it's thick tantalum
plate eciently disperses the power to acquire a homogeneous substrate temperature. If
the heating is radiated directly to the wafer surface however, the massive substrate block
is just dead matter taking away power from the substrate.
For this reason we conducted a subsequent experiment using a lightweight substrate
holder that consisted only of a tantalum ring rather than a solid block.
Our ndings illustrate this: The grey dots in gure 12.10 a) represent the temperatures
we measured using ring holder and resistive heating; with a massive holder (black squares),
the required heating power for a given temperature is about

25 % lower.

When heated from

above with the laser (pink dots), the eciency of the ringholder was superior, as there was
less mass to dissipate thermal energy to. With rising temperature however, the advantage
decreased, from

14 W

optical power at

430° C

to

8W

at

480° C .

The decrease in saved

laser power, as well as the lower temperature eciency with the resistive heating, can
be explained by radiation losses through the backside of the substrate. Backing it with a
reector, for example in the form of multiple polished Si-substrates, may therefore enhance
the eciency of this heating technique.
So the ringholder design may be a viable option in combination with optical heating
and low growth temperatures (e.g. for GaAs/AlGaAs structures on the
value for

[110]

plane). It's

[100] growth is however debatable and requires further experimental eorts in the

high-temperature range.

12.3 Pumping capability
The most obvious way to reduce the chamber's CBI background lies in increasing the
pumping power of the system. Unfortunately, all feasible options are already utilized to
some extent.
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Figure 12.11: Mass spectrometry data, while the growth chamber was in standby mode (grey) and for for
each single eusion cell and the manipulator brought to typical growth temperature (colour-coded).
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nitrogen

neon

helium

liquid density

0.808 kg/l

1.207 kg/l

0.125 kg/l

heat of vaporization

199 kJ/kg

86.9 kJ/kg

21.1 kJ/kg

consumption

16 kg/hour

38 kg/hour

152 kg/hour

during growth

(20 l/hour )

(31 l/hour )

(1220 l/hour )

expenses (est.)

8 ¿/hour

12000 ¿/hour

8500 ¿/hour

Table 12.4: Relevant parameters for potential coolants for use with the MBE setup's cryoshroud.

Volatile residuals like oxygen, argon and nitrogen are pumped by two large closed-cycle
He cryo pumps. Their pumping capability is limited by their respective ange diameters
of

200

and

400 mm,

as in the UHV range, residuals move on ballistic trajectories and can

only be trapped when they pass through the pump's opening.

Limited by the chamber

geometry, an enhancement of pumping power would require an outright redesign of the
whole setup.
To check of whether or not such a redesign is worth considering, we grew a high-mobility
sample using only the smaller one of the two cryo pumps, having
ange area and therefore pumping rate.

20 %

of the combined

Magnetotransport characteristics measured at

µ = 15.78 · 106 cm2 /V s, n = 3.928 · 1011 cm−2 , which represent even a slight
6
2
11
−2 .
increase with respect to the reference with µ = 15.57 · 10 cm /V s, n = 4.009 · 10 cm
6
2
At 4.2 K however, the reference mobility was higher (µ = 8.45 · 10 cm /V s vs. 7.79 ·
6
2
10 cm /V s), so the details remain unclear. In any case, the eect on sample quality is
1.3 K

were

too small to justify major changes to a proven setup design.
The bulk of the gas load to the chamber is covered by the cryo shroud. Filled with
liquid nitrogen, it is at a constant temperature of

77 K

and therefore eectively removes all

residual elements and compounds with a boiling point in vacuum higher than

77 K

such as

metals, water or carbon dioxide. It is possible to enhance the pumping power of the cryo
shroud by reducing the nitrogen's pressure in the shroud. Attaching a mechanical pump
to the phase separator, we managed to lower the pressure to
shroud temperature by

280 mbar,

thus reducing the

5 K.

A high mobility 2DEG grown with this conguration however showed an electron mo-

13.34 · 106 cm2 /V s with a density of 2.915 · 1011 cm−2 , exactly matching the
6
2
11
−2 (normalized 101 % of
reference sample with µ = 13.63 · 10 cm /V s, n = 2.944 · 10 cm
bility of

the reference's mobility).
A signicant increase in vacuum quality would be reached, if the cryoshroud's temperature could be reduced below the boiling points of the residual gases present in the chamber
(oxygen, argon, nitrogen, hydrocarbons). Part of this goal could be achieved by further
reducing the shroud's internal pressure.
Employing a dierent coolant is no option.

There are only two elements with lower

boiling points than nitrogen: Neon and helium. Both elements have much lower heat of
vaporization and much higher production costs, ruling out these options. An overview is
given in table 12.4.

While neon poses only a nancial problem, using helium is tech-

nically impractical due to the enormous liquid and gas ow required  not to speak of
the necessary infrastructure for recondensation. It would probably be more ecient  but
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likewise unrealistic  to immerse the whole setup in liquid helium.
A double-chambered cryoshroud with a nitrogen-precooled outer shell seems to be the
only viable option, but also unsuitable for MBE setups already established.
In summary, we'd like to point out that the gain in 2DEG quality that can be obtained
by means of raw pumping power already reached it's reasonable maximum. All the more
important are the conclusions drawn in the above sections. If one is to increase vacuum
quality, there is no option but to minimize the evaporation of impurities.
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Figure 13.1: Simulation of maximum electron density vs. quantum well width without the second subband
crossing the Fermi level (red line). Green lines illustrate density limits for double-sidedly doped quantum
well samples with setback distances as marked (in

nm).

The grey-coloured area covers the safe range of

densities and widths for high-mobility growth.

In order to maximize the electron mobility of a 2DEG, it is necessary to locate it
in a double-sidedly doped quantum well (DSQW). The higher electron density that can
be reached with such a structure compared to single heterojunctions doped from one side
(modulation doped single interface, MDSI), leads to signicantly increased mobilities (see
section 3.3 for an overview of 2DEG structures).
The quantum well consists of a GaAs layer that forms two interfaces with the adjacent
AlGaAs setback layers, an upper and lower one (going along the growth axis).
quantum well's typical width of

10

to

60 nm

As a

is about the same scale as the width of a

2DEG's wave function in an MDSI structure, this region is sensitive to scattering at the
interfaces as well as to the usualCBI-scattering.

13.1 Quantum well width
13.1.1 Simulating quantum well widths
The optimal width of a quantum well housing a 2DEG is (as often) a compromise between
two opposing mechanisms that limit the 2DEG's mobility:

1. Wide QW:

In a wide quantum well, the electronic energy levels are generally

lower (due to reduced connement potential), than in a narrow one. This sets a practical
limit to the electron density in a sample. For high-mobility samples it is important that only
the lowest subband in the quantum well is populated, as inter-subband transitions (in the
case of two or more populated subbands) are a very eective scattering mechanism. Figure
10.3 in section 10.3 illustrates the eect: Electrons are accumulated in a

24 nm

quantum

well; mobility rises, until the second subband crosses the Fermi level at approximately

n = 5 · 1011 cm−2 .

Beyond that value, interactions between the two subbands intensify,

leading to a mobility reduction. In gure 13.1, this limitation is illustrated. The red line
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represents simulation data of the electron density necessary to drive the second subband
below the Fermi level for a given quantum well width.
The green lines indicate the density limits set by the nite setback distances of the
doping layers. With increased dopant density, the conduction band in the doping region
approaches and nally crosses the Fermi level, creating a parallel conducting layer and
preventing a further increase of electron density in the quantum well itself.
calculated limits for setbacks employed in DSQW structures (70 to

Alx Ga1−x As

setbacks with

X = 0.25).

37 nm

Shown are

calculated for

So, the reasonable quantum well widths for high-

mobility samples are represented by the grey area.
than

150 nm,

For example, a quantum well wider

reduces the favourable electron density below the limit imposed by a

120 nm

setback  electron density is given away without gain.

2. Narrow QW:

As mobility benets from high density, narrowing the quantum

well is benecial to a certain extent: While allowing for higher densities, it requires reducing the setback distance, if the advantage is to be exploited. However, small setbacks
are accompanied by drastically increased RI-scattering, which is why a

70 nm

setback is

considered the lower boundary for high-mobility growth. (For example, the top mobilities
we achieved for setbacks of

18.33 · 106 cm2 /V s

45, 60 and 70 nm are 6.61 · 106 cm2 /V s, 12.95 · 106 cm2 /V s and

respectively).

Additionally, the inuence of short-range electron scattering at the quantum well interfaces scales reciprocally with it's width. In gure 13.2 a), we present a simulation of the
percentage of the 2DEG's electrons that are located beyond or at the interface (within two
monolayers), clearly scaling with the quantum well width. Shown in black and grey are
values for the upper and lower interface of a single-sidedly (and therefore unsymmetric)
doped quantum well (SSQW) for a density of

2 · 1011 cm−2 .

For symmetric DSQWs, the

share of electrons at both interfaces is equal. Shown are the results for a symmetric DSQW
at a density of

2 · 1011 cm−2

(cyan) and

3 · 1011 cm−2

(blue).

From these results we can conclude that IR scattering is promoted by high electron
densities and narrow quantum wells. In the blue line, we found a local minimum at

30 nm.

It can be accustomed to the electron density surpassing the width-induced maximum between

30

and

35 nm.

Not only does the second subband begin to be populated, also the

electronic probability density is no longer in the center of the quantum well: A separation into two 2DEGs, located at the interfaces (comparable to MDSI/inverted structures)
begins.
These ndings indicate that for a SSQW sample a wide quantum well is always favourable:
Electron density is limited by the setback distance of the single doping layer, so the restriction illustrated in gure 13.1 does not apply. Then, a wider quantum well is always
benecial due to ever reduced IR-scattering (also see section 13.3).
For DSQW samples, a compromise between interface eect and reduced electron density
has to be found.

From gure 13.1 a quantum well width below

while gure 13.2 a) points towards an optimum of

30 nm,

37 nm

seems advisable,

at least in terms of reduced

IR-scattering.

13.1.2 Experimental results
According to the simulation data, we found correlations between quantum well width and
sample quality.

As shown in gure 13.2 c) and d), the relative normalized mobilities
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Figure 13.2: a): Probability to nd an electron at or beyond the interface vs. quantum well width; circles
11
for single-sidedly doped quantum well (n = 2 · 10
cm−2 ), the upper (black) and lower (grey) interface
are depicted separately; squares for symmetric quantum wells doped from both sides, simulated densities
11
were 3 · 10
cm−2 (blue) and 2 · 1011 cm−2 (cyan).
b): Overall mobility maxima for various quantum well widths during the Zürich growth campaign; shown
11
in black are actual values, in red normalized mobility values (to n = 3 · 10
cm−2 ).
c) and d):

Relative electron mobilities vs.

quantum well width (30 nm

= 100 %)

single-sidedly (d) doped quantum wells; grey lines represent the best ts to the data.

for double- (c) and
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24 nm

27 nm

30 nm

35 nm

55 nm

20.0 ± 1.0

22 ± 1.0

21 ± 1.0

18.2 ± 0.2

9.3

4.1 ± 0.1

3.0 ± 0.25

2.7 ± 0.15

2.25 ± 0.1

1.5

QW width
max.

µ [106 cm2 /V s]

density [10

11

cm

−2
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]

Table 13.1: Maximum electron mobilities for dierent quantum well widths, reached during the Zürich
6
2
growth campaign. Values above 20 · 10 cm /V s were reached for thin quantum wells, however at increasingly higher electron densities.

constantly rise with increased quantum well widths, for DSQW (c) as well as for SSQW
samples (d). The eect is more pronounced for DSQW samples: for
mobilities (30 nm equals
for a

40 nm

100 %) of 60 % (DSQW) and 68 %
∼ 120 % and ∼ 110 %.

20 nm,

we get relative

(SSQW). Likewise, the values

quantum well are

This eect has two reasons: First, in a SSQW sample, the 2DEG is not located in
the quantum well's center but drawn towards the upper interface, resulting in a higher
amount of IR-scattering and a smaller relative reduction compared to DSQWs with their
centered 2DEGs (as seen in gure 13.2 a)). Second: The SSQW samples investigated had
setback distances of

70 nm,

which are lower than those of the DSQWs (100 nm). Thus,

RI-scattering has a greater inuence and the relative contribution of IR-scattering (that
can be reduced by a wider quantum well) is smaller.
However, the ever increasing relative mobility was conrmed investigating samples
with electron densities equal to their respective (30 nm) references. While we succeeded
in creating 2DEGs with

µ > 20 · 106 cm2 /V s

for quantum well widths from

30, 27

and

24 nm,

the latter required higher electron densities to reach such mobility values (table

13.1).

Maxima for total mobilities are presented in gure 13.2 b).

The highest value,

23.11 · 106 cm2 /V s, was achieved with a 27 nm DSQW, while the maxima for 24 nm and
30 nm were 20.96 · 106 cm2 /V s and 21.92 · 106 cm2 /V s. For wider quantum wells, the
mobilities decrease due to the forced lower electron densities.
When normalizing mobilities to a density of
corresponding to gure 13.2 c).

3 · 1011 cm−2 ,

we nd a gradual increase

The downward tendency for wide QWs

> 30 nm can
30 nm.

be explained by the small number of samples grown with quantum wells beyond

These structures were not (yet) fully optimized, as they are less attractive for high-mobility
applications.
In summary, we found that a quantum well width of

27

to

30 nm

provides the optimal

trade-o between the electronic levels in the quantum well allowing for higher densities,
which is paid for by increased scattering caused by the increased impact of the interfaces
on the 2DEG.

13.2 Growth interruptions
Due to the small share of electrons involved (less than

2 %, see above section), IR-scattering

is most probably not the dominant part of the mobility limitation caused by the quantum
well interfaces. In section 12.1.2, we analysed the eect of charged background impurities
that adsorb to a 2DEG sample's surface during a growth interruption, however with the
additional parameter of cooling/heating the aluminium eusion cell. While necessary for
special structures, such growth interruptions are generally harmful for sample quality due
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Figure 13.3: Relative electron mobilities, depending on growth interruptions at the upper (black squares)
and lower (red circles) quantum well interface. For the upper interface interruptions below three minutes
are uncritical (inset, logarithmic plot; the data point marked with w/o represents a sample grown without
growth interruption). Afterwards,

µ decreases linearly at a rate of ca. 3 %/min.
30 s.

The same rate is observed

for the lower interface, although with a lower uncritical time of ca.

to increased CBI scattering.
However, to halt a growth run and thus enable thermal healing of surface roughness
can also have a positive eect. We have conducted a series of experiments where MDSI
structures and double-sidedly doped quantum well samples were produced with growth
interruptions of dierent length to investigate the limits of this growth feature. The results
are presented in gure 13.3.

Mobility values are noted normalized and relative to their

respective reference samples. For interruptions at the upper interface, a linear tendency
can be observed for long timespans of up to

20 minutes, which can be quantied to ca. 3 %

mobility loss per minute (black squares). More clear to see in a logarithmic plot (inset),
this reduction does however not begin until the growth interruption exceeds

180 s.

For

shorter times, we can state that there is no damage done to electron mobility.
A similar reduction is observed for the lower interface, depicted in red in gure 13.3.
Here however, the reduction onsets immediately, causing a mobility reduction to

90 %

of

the reference value after three minutes.
For shorter times, electron mobility was found to be unaected, unless the growth
interruption was omitted completely (black square, adjusted and marked with w/o in the
inset). In this case the mobility was reduced to

∼ 87 %.

In summary, growth interruptions of up to three and ve minutes at the lower and upper interface respectively, can be allowed without suering unacceptable mobility damage,
which emphasizes the low CBI level in our high mobility MBE-setup. The greater sensitivity of the lower interface is in accordance with the fact, that adsorbed CBIs migrate in
growth direction and with that into the quantum well; as opposed to the upper interface,
where CBIs rather move away from it. Additionally, at the lower interface, highly reactive
aluminium is exposed and acts as an ecient impurity getter.
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TGrowth [°C]

650

630

630

600

580

630

580

µ [106 cm2 /V s]

20.66

21.41

14.17

13.14

11.75

14.28

14.14

]

2.576

2.662

2.997

2.814

2.647

3.200

3.156

µnorm, rel [%]

99.4

100

100

98.1

98.7

100

100.3

11

n [10

cm

−2

Table 13.2: Mobility vs. growth temperature of the lower setback layer. Normalized mobility values show
no eect in the temperature range of

580 − 650°C .

13.3 Aluminium at the interfaces
The eects of IR-scattering and CBI-accumulation during growth interruptions have been
discussed in the previous sections.

Our ndings indicate that these mechanisms have

negligible eects on sample quality, if the quantum well is at least

27 nm

wide and the

growth interruptions stay below one minute.
But even taking into account these restrictions, there is still the problem of a massive
mobility loss, when a lower interface is inserted into a MDSI structure, thus creating a
SSQW. Our best SSQW samples show a mobility of
the

16 · 106 cm2 /V s for comparable MDSI structures.

10.4 · 106 cm2 /V s,

only two thirds of

Just mirroring an MDSI to create an

inverted 2DEG has even more dire consequences: Top mobilities were about
(all values with

70 nm

setback and

n = 1.8 ·

7 · 106 cm2 /V s

1011 cm−2 ).

So, while the upper interface is uncritical, the lower one drastically impairs 2DEG
quality, especially when the wave function is bent towards this interface.
Therefore, it is logical to assume that the presence of aluminium at the quantum well
and a possible migration into it is responsible for the reduced quality. Migrating aluminium
(and gettered impurities) from the lower interface could contaminate the quantum well,
while the same migration at the upper interface would remove impurities from the quantum
well's boundary.

13.3.1 Growth temperature
The ideal growth temperature for AlGaAs (in terms of crystal quality) has been found
to be

> 700° C

[140, 141], (although the use of ultrapure source materials allowed the

production of very high quality material at signicantly lower temperatures

< 600° C

[142, 143]). However, as higher growth temperatures increase aluminium's surface mobility
and the desorption probability of gettered impurities, one may still expect a temperaturedependence of sample-quality. We tried to quantify the eect with a set of 2DEG samples,
where these layers were grown at variable temperatures.
We checked the temperature range from

580

to

650° C ,

using DSQW samples with a

100 nm in the higher temperature range of 630−650° C . The structures
75 nm. Summarized in
found excellent accordance of normalized mobility values (within < 1.5 %).

setback distance of

used to investigate lower temperatures had setback distances of
table 13.2, we

Electron densities tended to decrease with lower temperatures, which may be accustomed
to suppressed dopant migration, thus creating larger eective setbacks.
Based upon these results, crystal defects caused by the imperfect growth of AlGaAs
can be ruled out as a source of the observed mobility limit.
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13.3.2 Thin aluminium layers
To investigate of whether or not the mere
presence of aluminium in the vicinity of the
2DEG decreases it's mobility, we inserted
thin layers of

2, 5,

and

10 nm

below the

interface of MDSI structures with
setback,

at distances of

30

and

70 nm
40 nm.

2 nm

5 nm

10 nm

−40 nm

98.1 %

96.9 %

91.2 %

−30 nm

94.4 %

96.0 %

91.2 %

Noted in table 13.3, a slight tendency towards lower mobilities occurs with increasing amounts of aluminium and with reduced distance to the interface (and with
that the 2DEG wave function).

Table 13.3: Thin

AlGaAs layers of 2, 5, and 10 nm,
30 and 40 nm below the interface.

inserted into MDSIs

Resulting mobilities are noted normalized and relative to the references. A slight reduction was found,

The idea that aluminium getters CBIs
and transports them a small distance into

scaling with amount of aluminium and proximity to
the interface.

the 2DEG quantum well is supported by
the data presented in gure 13.4. Shown are normalized mobility values (relative to their

57 %
53 nm. The grey line represents
an allometric t to the data. Extrapolating the t to a value of 100 % (equalling an MDSI)
leads to a quantum well width in the vicinity of 100 nm. This matches the setback distance
MDSI-references) with dierent quantum well widths. Relative mobilities are as low as

for a

24 nm

quantum well and rise gradually to

80 %

for

of high-mobility 2DEGs, where a layer of CBIs (in the form of ionized donors) is present
at such a distance. Likewise, those impurities have only a minor eect on sample mobility,
lending support to our above hypothesis.
As the total amount of CBIs and their average travelling distance is not known, it
would be useful to insert a small amount of CBIs deliberately into a MDSI structure
at variable distances of

20

to

40 nm

from the interface to help quantify said amount of

aluminium-induced CBIs.

13.3.3 Variable aluminium-content
The damage that is done to 2DEG mobility by the pure presence of aluminium
at the interface is demonstrated impressively on a series of MDSI structures we
produced.

70 nm setAlx Ga1−x As with increascontent x: 0.195 < x <

The samples had

backs made from
ing aluminium

0.32.
12
x =

Electron mobilities varied between
and

14 · 106 cm2 /V s,

0.24,

as

shown

in

maximizing for
gure

13.5

(black

squares). However, electron densities in the
experiment scaled with

x,

as a higher alu-

Figure 13.4: Normalized mobilities for dierent quantum well widths, relative to a MDSI reference. The
grey line represents a t to the data; extrapolation

minium content allows for higher doping

suggests that

densities. When normalizing the mobilities

100 nm

to a constant value of

2 · 1011 cm−2

angles), an increase towards lower

100 %

mobility were to reach with a

quantum well.

(red tri-

x

can be observed.

Extrapolating the best t to the
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x

in the setback layer for MDSI structures.

actual mobility values with a maximum at

x = 0.25.
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Shown in black are the

At the same value a maximum is found, if the

mobilities are normalized to the density limit set by setback distance and aluminium content (blue circles).
11
Normalized to a xed density of 2 · 10
cm−2 , mobilities increase steadily with lowering aluminium content
6
2
(red diamonds), theoretically exceeding 20 · 10 cm /V s at x = 0.14. The coloured lines represent the best
ts to the data.

data (red line) suggests, that a mobility of

20 · 106 cm2 /V s

would be reached at

x = 0.18.

While reducing the setback's aluminium content holds the potential of increasing the
normalized electron mobility, this general rule does not apply when it comes to total
electron mobilities.

The blue circles in the gure mark the electron mobilities of our

samples, normalized to their highest possible electron density (depending on
nd a maximum of

18.5 · 106 cm2 /V s

at

x).

Here, we

x = 0.25.

So, while the negative inuence of aluminium in the vicinity of the 2DEG channel
clearly decreases with lower aluminium content, there is a practical optimum for

0.25

x

at ca.

due to density limitations.

This is at least true for structures with constant aluminium content. The dilemma can
be solved by varying the aluminium content in the setback region. To this end, the doping
region and the outer part of the setback are grown with a high Al-content (e.g.
inner setback (typically

50

to

70

25 %).

The

nm towards the quantum well, depending on the total

setback width) is then produced with less aluminium.
During a growth interruption, the aluminium growth rate can be reduced (to e.g.

16 %).

In gure 13.6, schematic drawings of the resulting conduction band are depicted

for the reference (a) and a reduced aluminium content during a growth interruption (b).
Theoretically, the aluminium-content at the quantum well's interface can be reduced at
will, albeit at the cost of increased IR-scattering: The constriction of the 2DEG into the
quantum well scales with the GaAs/AlGaAs band oset, leading to a greater portion of the
electron wave function to be located at or beyond the interfaces (1.1 % relative probability
for

x = 0.25, 1.9 %

x = 0.16 and > 4.0 % for x = 0.08).
x-values require multiple growth interruptions to adapt the aluminium

for

Additionally, low

growth rate in several steps (gure 13.6 c)). Such pauses close to the quantum well have
the potential to harm sample quality (compare section 13.2).
Therefore, we adopted a single change from

25

to

16 %

aluminium during a growth
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e)
Figure 13.6: Setback designs with variable aluminium content
of two symmetric setbacks. a): Constant

x.

b):

x

Multiple consecutive reductions, to further reduce

GaAs

x;

shown is the conduction band for one

reduced in one step during a growth interruption. c):

x

without crossing the Fermi level. d): Inserted thin

layers at gradually reduced intervals (resulting eective conduction band in grey). e): Continuously

reduced

x

during growth by lowering the eusion cell temperature.

interruption of

8 − 10 %,

167 s

as standard procedure.

Doing so increased sample mobilities by

compared to reference samples with constant

25 %

and equal electron densities.

Avoiding the growth interruption altogether, one may reduce the aluminium content
during actual setback growth.

There are two dierent ways to achieve this: Either by

means of a digital alloy or dynamically.
The former is realized by inserting thin layers of GaAs into the setback at intervals
that are gradually reduced while approaching the quantum well (gure 13.6 c). For the
latter, the temperature of the aluminium cell (and with that growth rate and thus relative
aluminium content) is gradually reduced during setback growth, see gure 13.6 b). This
elegant technique however requires careful calibration and is limited by the cooldown rate of
the eusion cell, that must be kept low enough for the cell to remain in thermal equilibrium.
We evaluated the possibilities of these methods by means of a series of DSQWs with

100 nm

setbacks. The doping region and the outer

aluminium content (25 %), the inner

70 nm

30 nm

of the setback layers had high

were gradually brought to

15 %.

Judging by their electron mobilities, both structures were of superior quality, compared
to a reference sample with a constant aluminium content of

25 %.

The latter showed

18.8 · 106 cm2 /V s, while the dynamical aluminium reduction yielded 20.4 · 106 cm2 /V s and
6
2
the digital alloy approach 21.0 · 10 cm /V s, equalling a mobility improvement of 10 and
13 %.
A drawback of both methods lies however in the uncertainty of the resulting aluminium
content  and nally setback distance. The dynamical approach requires a time-consuming
calibration of the aluminium growth rate, while cell temperature is varied.

The precise

reproduction of the calibration during actual growth is all but guaranteed, as the cell
temperature has to be changed fast due to the limited time window set by the desired
setback distance (at at rate of

10° C/min).

The digital alloy technique has the problem that individual layer thicknesses become
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very small, approaching the quantum well. If one wishes for example to realize an eective

x

of

0.14,

the nal GaAs- and AlGaAs layers have growth times of less than two seconds,

dened by moving the cell shutters, which have a precision of

0.1 s.

Thus, an abrupt change of aluminium content utilizing a growth interruption is the
most ecient and practical way, especially if one considers the comparable mobility gain
of all three techniques.

2.52 ·

In fact, our best 2DEG with

1011 cm−2 was grown with such a setback design.

µ = 23.11 · 106 cm2 /V s

and

n =
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Figure 14.1: Mobility vs. setback

d
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for a series of MDSI structures with constant doping density. Shown

in black are actual mobility values, saturating at

d = 90 nm.

Normalizing the measured values to the

maximum density induced by the setback distance yields saturation at

d = 70 nm with a slight decrease
µ ∼ n1.2 , in accordance

afterwards (red). The normalization assumed mobility to scale with density as
with experimental ndings (blue).

In the previous chapters we already noted the setback distance between 2DEG channel
and doping area as an important parameter. A doping layer in a GaAs/AlGaAs 2DEG
consists of ionized silicon atoms, which are inserted as a

1012

of

to

1013 cm−2 .

δ

peak with typical concentrations

As the dopants are statistically distributed in this layer, they in-

terfere with the 2DEG by an irregular coulomb potential, causing remote impurity (RI)
scattering (as described in section 8.2.2). The mobility limit set to a 2DEG by this mechanism scales with electron density

d

n

and doping density

as

µ∼

N,

but also with setback distance

1
· n1.5 · d3
N

14.1 MDSI structures
During the Zürich growth campaign, a large number of MDSI samples with low electron density and variable setbacks have been produced.

107 cm2 /V s

at

n = 1.4 · 1011 cm−2

Electron mobilities exceeded

without tuning the density by illumination or gates.

Our best MDSIs have a setback distance of

70 nm, as can be seen in gure 14.1.

Shown

is a series of MDSI structures with varying setback distances, for a xed dopant density

N.

d = 90 nm.
to 1/n ([51]).

Indicated by the black squares, mobility rises gradually and saturates at

N , d is proportional
n (set by d, compare the values for
double-sidedly doped structures in gure 13.1), we nd saturation at d = 70 nm with a
α
slight decay afterwards (blue). For the normalization of these structures, µ ∼ n was used,
however here with α = 1.2 instead of the 0.9 introduced in chapter 8. This is due to the fact
The saturation is due to the fact that, with constant

Normalizing the mobilities to their maximum values of

that no measures were taken to screen the ionized donors' coulomb potential, and thus RI
scattering plays a signicant role limiting the total mobility. In gure 14.1, the empirically
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100 nm

d
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for DSQW structures. A mobility maximum is found at a setback of

(black squares), normalized mobilities saturate for

found value of

d = 70 nm

1.2

d > 120 nm.

for unscreened MDSIs leads to a peak mobility of

12.4 ·

and to

106 cm2 /V

s

for

d = 50 nm.

12.2 ·

s

for

This is in excellent accordance with

our top MDSIs for these setback distances (blue triangles), with

106 cm2 /V

15.4 · 106 cm2 /V s

15.6 · 106 cm2 /V s

and

respectively.

14.2 DSQW structures
Similar to the MDSIs discussed above, we also investigated DSQWs with screened remote
donors.

These structures consisted of a GaAs quantum well that was doped from both

sides with a silicon

δ

layer in AlGaAs.

The aluminium content in the setback was not

constant, but kept low in the vicinity of the quantum well and raised during a growth
interruption

30 nm

below (above) the upper (lower) doping area. This technique, already

described in section 13.3, allows for higher 2DEG densities in the quantum well due to the
higher eective band oset. The samples were illuminated prior to measurement, causing
a parallel conducting layer that screened the 2DEG electrons from the ionized donors'
coulomb potential.
Similar to the MDSI experiment, we compared a number of samples with variable
setback distances and plotted their normalized mobility values relative to reference samples
with

100 nm

setback. Shown in gure 14.2, the black squares represent actual mobilities,

while the red dots illustrate normalized values.
mobilities at large setback distances of

A saturation is found for normalized

d > 120 nm.

For a smaller

d

of

100 nm,

a peak in

actual mobilities can be observed, representing the optimum trade-o between reduced RI
scattering and decreasing electron density. Compared to [3], where an optimum setback
distance was found for

d = 120 nm,

this nding is in accordance with the level of CBIs in

our samples being higher than in those investigated in the cited literature (top mobilities
reported are

36 · 106 cm2 /V s,

compared to

23 · 106 cm2 /V s

for our samples): The CBI-

induced mobility limit attains absolute dominance already at a lower
quantity of RI-scattering.

d,

and thus a larger
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Figure 14.3: Screened DSQW structures produced during the Zürich growth campaign with relative mobilities plotted vs. inverse setback. As reference to each sample, a sample with

100 nm

setback was used.

The red line represents a linear t to the data, that would cross the y-axis at a relative mobility value of

134%.

The resulting relation between relative mobility and inverse setback distance is plotted
in gure 14.3.

The data can be tted linearly (symbolized by the red line) with the

exception of the value for

2 · 107 m−1 ,

corresponding to a

50 nm

setback.

Such small

setback distances were not optimized, but the data point is still shown for completeness.

134 % for innite setback,
100 nm setback. Based on our best sample of this type and setback
6
2
6
2
(22.9·10 cm /V s), a value of ∼ 31·10 cm /V s is expected, if RI- and IR scattering would
Extrapolating the linear t to the y-axis results in a mobility of
relative to a sample with
be completely removed.
This estimation of a mobility limit caused by CBIs slightly above

3 · 107 cm2 /V s

is

in accordance with our earlier conclusion that the level of background impurities in our
structures must be higher compared to the record samples with actual mobilities of

107 cm2 /V s

from the Weitzmann Institute ([3]) and Bell Labs ([4]).

3.6 ·

Chapter 15

Remote impurity screening

165

CHAPTER 15.

REMOTE IMPURITY SCREENING

166

It is well established that there are three scattering mechanisms limiting the electron
mobility of a high-mobility 2DEG structure at low temperatures: Charged background
impurities, interface roughness scattering and remote impurity scattering. In the scope of
this work, we have covered mobility optimization with respect to CBI (chapters 11 and 12)
and IR scattering (chapter 13).
The inuence of the Coulomb potential irregularities stemming from ionized donors
can be reduced by increasing setback distances (see chapter 14), however at the cost of
electron density. An elegant addition to this technique lies in employing doping schemes
that are capable of screening the coulomb potential or inducing a spatial correlation of
ionized donor atoms, thus creating a (more) uniform potential landscape.

15.1 Methods
It is important to understand that, for samples with large setback distances, not the ionized
donors' electrical eld itself is harmful to the 2DEG's quality. It is rather the statistical
distribution of donors that creates an irregular potential landscape, illustrated in gure
15.1a). Typical doping concentrations are in the range of

1012 cm−2

(in the order of

1/1000

of a monolayer), which naturally leads to an inhomogeneous coulomb potential caused by
clustered dopants.
A screening layer now consists of a layer of electrons close to the dopants that adjust to
these potential irregularities, thus levelling the electrical eld seen by the 2DEG electrons.
Immobile screening electrons (like the

X -electrons

in the QW-doping) can also induce

an ordering to the donors, such that ionized donors are arranged in a regular pattern.
Actually reducing the eld is not possible, as the screening electrons have to be provided
by additional donors. Three doping schemes allow for such adaptive screening:



DX-doping.

A

δ -layer of
x) is

silicon donors is placed in

Alx Ga1−x As,

where a share

of them (scaling with

incorporated as strongly bound deep donors, so-called

DX-centers [144, 50].

Illumination with a red or near-infrared LED ionizes these

deep-level donors, creating a conducting layer of electrons parallel to the 2DEG,
around the doping peak (gure 15.1b)).



Aux-doping. Between the

δ -doping

layer and the quantum well hosting the 2DEG,

an additional sheet of GaAs is inserted. By illuminating the sample, this thin auxiliary quantum well provides strongly conned electron states, creating a layer of virtually immobile electrons (comparable to the



QW-doping. The silicon

δ -layer

X -electrons in the QW-doping scheme).

resides in a GaAs quantum well with barriers of

AlAs layers. The width of these layers is a few monolayers. If it is chosen correctly,
electronic levels in the
while the

X -levels

Γ-band of the quantum well are slightly above the Fermi-level,

of the AlAs are slightly below, as indicated in gure 15.1c). Due

to the strong connement and their high eective mass in AlAs, the

X -electrons

can

be considered immobile (no parallel conduction) [145, 53].
While illuminated DX-doping, as we will see in the next chapter, provides the most eective
RI-screening, the presence of a parallel conducting layer implies a heavy limitation for the
application of such structures. For example density-tuning via metallic gates is dicult
due to the parallel layers pinning the Fermi level. Before the 2DEG density itself can be
reduced, the parallel layer has to be depleted. On the one hand, this reduces the available
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a)

b)

c)

d)

Figure 15.1: a) Schematic drawing of the inhomogeneous coulomb potential by clustered ionized donors
(green), acting as scatterers for the 2DEG (in blue). The conduction band is illustrated in grey, the Fermi
level by the red plane.
b)-d): Illustration of doping schemes: Above the respective layer stacks are depicted (2DEG quantum well
to the right, beyond the drawings' edge); below a schematics of the resulting conduction band is depicted
(Γ-band in black,

X -band in grey).

The donor layer is symbolized in green, screening electrons in blue, red

Alx Ga1−x As
AlAs barriers

marks the Fermi level. From left to right: b) DX-doping scheme, deep-level dopants located in
are activated by illumination, forming a conducting screening layer. c) QW-doping scheme,
provide heavy X-band electron states, leading to a non-conducting screening layer.
scheme, excess electrons reside in a thin

GaAs

d) Auxiliary QW

quantum well between doping and 2DEG.
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a)

b)
Figure 15.2: Mobility and density ranges for DSQW-samples, employing dierent RI-screening techniques.
α
a): Without RI-screening, mobility rises as µ ∼ n with α > 1 (black squares, the dashed line represents
an allometric t with an exponent

> 1).

DX-doped samples after illumination (red dots) show parallel

conduction and higher densities; setback distances were

70 nm.

QW-doped samples (orange triangles) have

higher setback distances of 75 nm and lower densities; mobility saturates therefore at higher values (avg.
17.9 · 106 cm2 /V s, compared to 17.2 · 106 cm2 /V s for unscreened and DX-doped structures). b): Mobility
6
2
saturation averages for aux-doped samples at 19.8 · 10 cm /V s, due to the larger setbacks of 100 nm. The
wide density range is due to variable quantum well widths of

27

to

30 nm.

For comparison, the unscreened

data is shown by the black dots.

range of voltage tuning before leakage becomes a problem, on the other hand the depletion
cancels the screening eect.

Auxiliary doping shares the need for illumination with the

DX-doping technique, although here no parallel conduction occurs.
The only doping scheme that provides eective reduction of RI-scattering as-grown
 without the need of further processing the sample  is the QW-doping. Umansky et al.
showed in 2009 that the eectivity of this approach can be controlled by the amount of
dopants incorporated into the doping quantum well [3].

15.2 Mobility dependence
Evaluating the inuence of the dierent techniques on sample mobility is a dicult task.
All three of them cause the electron density to be raised to the maximum equilibrium
density, dictated by quantum well width, setback distance and aluminium content in the
vicinity of the quantum well and in the doping region. 15.2 a) shows a variety of samples
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SdH traces of DSQW structures before (black) and after illumination (red); DX-doping

requires strong illumination, resulting in a parallel conducting layer (a). With aux-doping the screening is
activated by weak illumination, causing no parallel conduction (b). The numbers indicate electron density
values obtained from Hall voltage and SdH minima respectively.

produced during the Zürich growth campaign of the D-chamber, all of them with a sym-

30 nm wide quantum well and
70 nm (75 nm for the QW-doped

metric

doped from above and below with setback distances

of

samples represented by the orange triangles).

For

unilluminated DX-doped 2DEG structures, represented by the black squares, density and
mobility can be controlled via the amount of dopants. The mobility-density dependence
can be approximated by an allometric t with an exponent bigger than one (dashed line),
indicating that RI scattering can not be neglected. Electron mobilities rise continuously,
until saturation occurs between

15

and

20 · 106 cm2 /V s.

The electron mobilities of screened samples are found in the same range, shown by
the red circles (screening provided by illumination) and the orange triangles (QW-doping
scheme). In the illuminated samples, electron densities were obtained from

RXX

minima in

the SdH oscillations, as standard Hall voltage measurements have shown to be unreliable,
see gure 15.3 a).

2.95 · 1011 cm−2 for unscreened
11
−2 for illuminated DX-doping and 2.75 · 1011 cm−2 for QW-doping),
samples, 3.25 · 10 cm
6
2
the average top mobilities are very similar: 17.2 · 10 cm /V s for both unscreened and
6
2
illuminated samples, 17.9 · 10 cm /V s for the QW-doped ones. The slightly better perDespite a variation in the electron densities (on average

formance of the QW-doped structures  higher mobilities at lower densities  can be accustomed to the higher setback distance and to the fact that the bulk of the DX-doped
samples were produced in the rst half of 2011, while the operational focus in the second
term of the same year was on QW-doped structures.

Keeping in mind that the growth

campaign started end of 2010, the gradual increase in sample quality during an ongoing
growth campaign that was discussed in chapter 12 may still play a role.
The aux-doping technique is covered in gure 15.2 b).
were

27

and

30 nm.

Here, quantum well widths

This accounts for the wide density range in which a saturation of top

3.25 ·
19.8 · 106 cm2 /V s

mobilities was reached for the screened samples, represented by the red dots (2.5 to

1011 cm−2 , 2.95 · 1011 cm−2

on average). The higher average mobility of

compared to the DX- and QW-doped structures is due to the larger setback distance
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The mobility and density values prior to illumination are

depicted by the black squares, averaging at

µ = 15.8 · 106 cm2 /V s and n = 2.35 · 1011 cm−2 .

Here, the screening is also activated by illuminating the samples, but at much lower light
intensities compared to the DX-doping technique.
with the same LED, but at a

25-

to

100-fold

DX-doped samples were illuminated

intensity. No parallel conduction occurred

after illuminating the aux-doped samples (gure 15.3 b)), so the mobility gain is not due
to an unintentional DX-screening.
In summary, we can conclude that the three dierent screening techniques tend to
improve the magnetotransport characteristics of our high-mobility samples, but only to
a small extent. This was to be expected, as high-mobility structures with large setback
distances and high densities are primarily limited by the level of charged background
impurities.

15.3 Eect of illumination and overdoping on electron mobility
15.3.1 Illuminating DX-doped structures
As long as no RI-screening is employed, the actual amount of ionized donors in a doping
layer can be used to tune the electron density and mobility of a 2DEG. Hereby, the total
amount of dopants does not equal the number of ionized donors, as only part of the donors
located in

Alx Ga1−x As

are active. The number of active dopants can be tuned either by

increasing the total doping density or by careful consecutive illumination, using a LED in
the red or near infrared. In 2012, a bachelor project was conducted to investigate the eect
of dierent wavelengths, intensities and times. The eect of illumination was found to be
dependent only on the light dose applied to the sample, which is dened by the product of
illumination time and intensity (measured in units of electrical current through the LED)
[146].
In gure 15.4, the mobility and density development vs. light dose is shown for two DXdoped DSQW samples. The x-axis is noted in units of current through the LED multiplied
with time (mA

· s).

Illumination was performed at a temperature of

data were obtained at
setback and a

24 nm

1.3 K .

4.2 K ,

measurement

15.4 a) represents results performed on a sample with

wide quantum well.

(black) to rise steadily until it saturates at

80 nm

Consecutive illumination causes the mobility

20 · 106 cm2 /V s

at a light dose of

0.74 mA · s.

The electron density (red) increases throughout the whole range, even after the point of
mobility saturation: from this point on, parallel conduction sets in, and the additional
electron density dose not contribute to the 2DEG. This eect is demonstrated more clearly
in gure 15.4 b): The actual amount of doping is similar to the sample described above

1012 cm−2 Si-atoms per doping layer  while the setback is 75 nm and the quantum
well is 30 nm wide. Therefore, the onset of parallel conduction occurs at a much lower
11
2
electron density (3.3 · 10 cm , in red) and light dose (0.1 mA · s). Beyond this point,
6
2
electron mobility (black) remains unchanged at ca. 17.3 · 10 cm /V s over two orders of
 ca.

magnitude in light dose. Again, a continuous populating of the parallel conduction layers
(rise in electron density) is observed.
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b)

Figure 15.4: Dependence of electron mobility

µ

(black) and density

n

(red) on light dose applied with a

red LED of DX-doped DSQW samples. a): Consecutive illumination causes a constant increase of

n,

µ

and

until the onset of parallel conduction. b): Further increasing the amount of active donors populates

the parallel conduction layer, while

µ

saturates.

The light dose at which

conduction sets in is dierent (0.74 mA · s for a) and

0.1 mA · s

µ

stabilizes and the parallel

for b)) due to the wider quantum well and

lower Al-content in the sample shown in b).

Figure 15.5: Dependence of electron mobility
of QW-doped DSQWs.

µ

and

n

µ

(black) and density

stabilize after a doping density of

n (red) on dopant density for a series
1012 cm−2 is exceeded. Note that the

grey square represents a normalized mobility value using a comparison of the respective reference samples.
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15.3.2 QW-doped 2DEG samples
The illumination approach is not applicable for QW-doped structures.

Here, tuning of

electron density and mobility can only be done by varying the actual amount of inserted
donor atoms.

However, as demonstrated in gure 15.5, this technique works only to a

certain extent. Shown is electron mobility (black) and density (red). Both characteristics
rise steadily until the amount of dopants per layer exceeds

1012 cm−2 .

Afterwards, the

values remain constant, despite the doping amount being increased by more than a factor
of three. This factor is dubbed overdoping and denoted

γ,

dened as the ratio between

active donors in a donor layer of a given structure and the amount required to achieve a
comparable density with conventional DX-doping.
An explanation for this behaviour is that excess electrons stemming from additional
active donors are trapped in the AlAs barriers of the doping quantum well, similar to the
situation described for DX-doped samples, where excess electrons form a parallel conduction layer.
Such a behaviour  constant electron mobility despite a massive increase of active
donors  has been demonstrated for DX-doped samples by Gamez and Muraki ([9]) and
for QW-doped structures by Umansky et al. ([3]).
Additionally both publications report on increasingly developed FQHS features with
increased active donor density, accustomed to enhanced RI-potential ordering: It is easier
to achieve an ordered array of ionized donors, if there is a higher amount of (randomly
distributed) donors to choose from. These ndings demonstrate the limits of magnetotransport characteristics as a measure for 2DEG quality, especially when it comes to stability
and activation energy gap of the

5/2

FQHS

∆5/2 .

As we will see in chapter 16, there is the general tendency of a correlation between

∆5/2 , but mobility alone is not sucient to predict the FQHS performance of
high-µ 2DEG. Also, we will demonstrate ways to massively increase ∆5/2 by optimizing

mobility and
a

growth parameters without signicantly aecting electron mobility.

15.4 Quantitative evaluation of scattering mechanisms
µBI = 31 · 106 cm2 /V s
11
−2
for the density investigated (2.58 · 10 cm
). One can apply this value to the Matthiesen
In the chapter 14, we evaluated a mobility limit caused by CBIs of

rule noted in chapter 8 in order to quantize the inuence of RI scattering:

1
1
1
1
1
=
+
+
+
µres
µBI
µRI
µIR µP h

(15.1)

µres = 22.9 · 106 cm2 /V s. The
= 90 · 106 cm2 /V s. So, there is a

We consider the illuminated DSQW discussed above, with
resulting mobility limitation caused by RIs is then
relation of

µRI /µBI = 90/31 [106 cm2 /V s] ≈ 3

µBI

for RI scattering screened by illumination.

The same relation can be obtained by 2DEG samples, where the screening is obtained by

100 nm setback
µ = 19.2 · 106 cm2 /V s. At a density of 2.13 · 1011 cm−2 , this leads to an
6
2
extrapolated mobility of µres = 22.8 · 10 cm /V s. The resulting value for µRI is again
6
2
90 · 10 cm /V s.
6
2
Hwang and Das Sarma found a higher limit of about 120 · 10 cm /V s ([28]), but these
11
−2 (compared to 2.58 · 1011 cm−2
authors assumed a higher electron density of 3 · 10 cm
quantum well doping. Our best sample with such a doping scheme and
has a mobility of
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µres ∼ n0.9

and

µBI ∼ n0.8

(lower

exponent for a purely BI dependent mobility, from [123]), the Matthiesen rule yields

µRI = 105 · 106 cm2 /V s.
11
−2 in
centration of 10 cm

As Hwang and Das Sarma assumed a remote impurity contheir calculations, we can conclude that the situation in our

samples corresponds to an eective (unscreened) RI concentration slightly higher than
that.
When looking at a structure that was grown identical to our top sample, but without
RI screening (that is, measured prior to illumination), a normalized mobility of µres =
20.6 · 106 cm2 /V s is found, using µ ∼ n1.2 for unscreened samples. From equation 15.1,
µRI = 61·106 cm2 /V s is found, which leads to a factor of µRI /µBI = 61/31 [106 cm2 /V s] ≈
2. Therefore, the implementation of a screening mechanism raises the RI induced limit for
high-mobility samples by 50 %.
In our calculations, we neglected the contribution of phonon scattering, following the
argumentation in chapter 8: The phonons' inuence scales as
at the characterization temperature of

µP h ∼ T −1.5

and is irrelevant

1.3 K .

IR scattering has no measurable inuence on sample mobility (see chapter 13), as long
as the 2DEG is centered in a rectangular quantum well. While this requirement is met for
the structures discussed above, it is not necessarily true for MDSI samples: A much larger
percentage of the 2DEG electrons is located at the interface, as can be seen in gure 13.2
a). For this case, we can estimate the contribution of IR scattering using an MDSI sample
with

100 nm

setback and

µ = 11.9 · 106 cm2 /V s

at

this mobility to the same density as above results in
numbers for

µBI

and

µRI

n = 1.56 · 1011 cm−2 . Normalizing
µres = 18.5 · 106 cm2 /V s. With the

obtained above, one gets

1
1
1
1
=
+
+
18.5
31 61 µIR

=⇒

µIR = 185 [·106 cm2 /V s]

a mobility limit set by IR scattering of about

2 · 108 cm2 /V s.
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data (open squares) to values from literature in units of

10−3 ECoul ,

plotted vs. sample mobility. The colour code illustrates the preparations made before determining the gap
energy, blue: gated, red: illuminated, black: as-grown structures. A trend towards higher gap energies
for gated and illuminated samples is evident, as well as a scaling with mobility, when identical structures
are examined. (Values taken from [11, 8, 117, 147, 66, 91, 47, 10, 9]).

In the previous chapters we presented our investigations on optimizing the quality of
2DEG structures, where we used electron mobility as a benchmark.

However, electron

mobility alone is not a sucient number to characterize a 2DEG's suitability for research
in the eld of fractional quantum Hall states and especially on investigations on the still
not fully understood FQHS at

ν = 5/2

(see chapter 5).

The stability of this state is described by its activation energy

∆5/2 , which is sensitive to

the amount of CBIs in a 2DEG structure as well as to the level of RI-scattering. Therefore,

∆5/2

is a powerful measure of 2DEG quality.

Unfortunately its determination is time-

consuming and requires the possibility to measure samples at temperatures in the

mK

range, as described in section 5.3. As our group's access to cryostat setups reaching such
low temperatures is very limited, we gratefully acknowledge the eorts of Dr. Jun Chen

1

2
and Stephan Baer who performed the magnetotransport measurements from which the
gap energies discussed in this chapter were derived (see table 16.1).

16.1

∆5/2

of samples synthesized in Zürich

In the scope of this work, we concentrated on realizing 2DEG structures showing high
values of

∆5/2

in as-grown condition, that is without the need for further processing the

sample. Figure 16.1 compares our normalized gap energies to other results from literature.
The gap values are plotted in units of the Coulomb energy

ECoul = e2 /4π ·  · lB

(see

equations 5.8, 5.11) vs. electron mobility. While there are many gap energies published

1
2

Max-Planck Institute for Solid State Research, Stuttgart
Nanophysics group, Solid State Physics Laboratory, ETH Zürich
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that are considerably higher than ours (indicated by the black/red squares), most of them
were obtained from samples that were processed prior to measurement. The colour-code
reveals the type of preparations: Blue indicates samples where the 2DEG was induced or
enhanced with a metallic gate, the pink markers represent DX-doped samples measured
after strong illumination.

Depicted in black are gap energies obtained from as-grown

samples. To our best knowledge, the only results published for samples measured in such
an untreated state are by Miller et al. [66] (black diamond) and by Gamez and Muraki
(black crossed squares) [9]. Both have lower gap energies than the best of our as-grown
samples.
A tendency towards higher gap energies with higher electron mobilities is obvious,

µ = 32 ·
106 cm2 /V s and ∆5/2 = 1.15 · 10−3 ECoul , inferior to Choi's low mobility sample with
µ = 10.5 · 106 cm2 /V s and ∆5/2 = 2.52 · 10−3 ECoul or, for that matter, our top sample:
µ = 19 · 106 cm2 /V s and ∆5/2 = 1.43 · 10−3 ECoul . So, a general relation µ ∼ ∆5/2 doesn't
however one can also see that for example Pan reported on a sample with

hold up. However, when we look at measurements that were performed on a single sample
(e.g. by Gamez and Muraki [9] or Nuebler et al. [8]) or a series of samples produced in
the same MBE setup (ours), the trend is evident. Therefore,
of

∆5/2

µ

may serve as an indicator

to be expected from a given 2DEG structure, as long as it is compared to sam-

ples with comparable layer stack and originating from the same growth setup (the latter
ensuring a comparable level of CBIs).
Although we did measure a respectable gap energy of

∆5/2 = 1.82·10−3 ECoul (214 mK )

in an illuminated DX-doped sample, we opted to investigate as-grown samples, that is
unilluminated DX-doped and QW-doped structures. Removing or limiting RI-scattering
by means of illumination or applying a gate is highly eective when it comes to increase

∆5/2 , but many research applications forbid such preparations, as for example gate-dened
QPCs or optical probing of FQHSs.
To emphasize the high quality of the samples we investigated, we present a magnetotransport measurement of one of the samples discussed in this chapter (sample G) in
the magnetic eld range of

ν =2

2.95 T

to

3.9 T ,

ν = 3 and
RXX minimum along
ν = 14/5, 19/7, 8/3, 5/2, 7/3 and 11/5.

corresponding to lling factors of

(gure 16.2). A variety of FQHS, dened by a pronounced

with a Hall resistance plateau, were observed for

Additionally, clearly visible minima in the longitudinal resistance appear at lling factors

23/9, 22/9 and 21/9, although without an associated Hall plateau. The nding of the
ν = 21/9 FQHS would be the rst ever reported to our knowledge, so this specic min-

of

imum may have a dierent origin.

Along with three fully developed re-entrant integer

quantum Hall states (RIQHS), the features observed on sample G are comparable with
the magnetotransport measurements reported for example in [147] and [117], despite these
structures having much higher electron mobilities and
([147]), and

∆5/2

31 ·

106 cm2 /V

s

and

450 mK

∆5/2 : 28 · 106 cm2 /V s

and

([117]).

was determined for a total of thirteen 2DEG structures to analyse the inuence of

growth parameter variations. All of them consist of a rectangular quantum well
wide, doped from both sides employing DX- and QW-doping schemes.

n

544 mK

were characterized at

1.3 K

27− 30 nm
µ and

Values of

and all measurements were performed without illumination

(with the exception of sample N). A comparative listing of our ndings can be found in

∆5/2 are listed. Also shown are values for ∆7/3 and  where
it could be determined  for ∆8/3 . ∆5/2 is also noted normalized to density variations in
−3 E
units of 10
Coul . If not stated otherwise, we will discuss our ∆5/2 values in these units.
table 16.1, where

µ, n

and
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Figure 16.2: Magnetotransport measurement of sample G at magnetic elds corresponding to
In the Hall trace (red line) plateaus were found for
well developed re-entrant states.
and

14/5, 19/7, 8/3, 5/2, 7/3

and

11/5,

3 < ν < 2.

along with three

The longitudinal resistance additionally shoes minima for

23/9, 22/9,

21/9.

16.2 Growth parameters' inuence on ∆5/2
A list of relevant growth parameters that were varied can be found in appendix B. Similar
to our investigations concerning the electron mobility dependence on growth parameters,
we tried to minimize the inuence of CBI-, RI- and IR-scattering. These mechanisms limit

∆5/2

as well as

µ,

although not in the same way. While CBI scattering is the dominant

mobility limitator, RI-scattering is believed to take this role when it comes to

∆5/2 .

This

is illustrated for example by Nuebler et al. [8] and Pan et al. [10]. Both groups obtained
impressive gap energies superior to other values reported for comparable electron mobilities
and densities.

In the experiment described by Nuebler et al., a 2DEG was tuned using

a backgate, thus avoiding the lower doping layer and with that reducing the amount of
RI-scattering. Pan et al. even went a step further and induced a 2DEG in an undoped
structure.

16.2.1 General CBI level
As mentioned above, there is a clear tendency towards higher gap energies with increasing
mobility, provided structures and circumstances of sample growth are comparable.

As

mobility is dominated by CBIs, these scatterers must be assumed to have a signicant
inuence on

∆5/2 .

Thermal self cleaning
In chapter 12, we demonstrated a gradual increase in sample quality in the early stages of
a growth campaign due to thermal impurity outgassing of source materials and the growth
chamber's interior. In terms of mobility increase, this process can be considered complete
after a period of three to four months.

However, there is no reason to assume that the

ν = 5/2
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µ
/V s]

n

2

[cm

−2

]

∆5/2
ECoul ]

−3

[10

∆5/2

∆7/3

∆8/3

[mK ]

[mK ]

[mK ]

A

1.95 · 107

2.88 · 1011

0.44

48

56

24

B

1.99 · 107

2.61 · 1011

0.52

54

66

12

C

1.50 · 107

2.78 · 1011

0.18

19

32

5

D

7

2.10 · 10

2.54 · 10

11

0.84

86

100

49

E

2.07 · 107

2.58 · 1011

0.55

57

76

23

F

1.92 · 107

2.95 · 1011

0.25

28

26



G

1.92 · 107

2.13 · 1011

1.43

135

125



H

1.81 · 10

7

11

2.84 · 10

0.47

50

77



I

1.57 · 107

2.79 · 1011

0.57

62

43

27

K

1.96 · 107

2.87 · 1011

0.47

51

34

11

L

1.31 · 107

2.46 · 1011

0.03

3

5



M

1.55 · 10

7

11

2.66 · 10

0.31

33

19



N

1.87 · 107

3.17 · 1011

1.84

214

266

98

Table 16.1: Overview of sample characteristics.
at
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1.3 K , ∆5/2 , ∆8/3 , ∆8/3

µ

and

n

denote electron mobility and density, measured

the gap energies at the respective lling factors.

gradual reduction of emanated CBIs has come to a halt, just because it cannot be detected
by mass spectrometry or

µ/n

characterization any more.

We compare sample A and B, which were produced with identical layer composition
and growth conditions. To the best of our knowledge, the only dierence between the two
structures is a time lag a little less than one year. Sample A was grown eight months into
the growth campaign, sample B
shows a signicantly higher
by

20 %,

18

months. Having similar electron mobilities, sample B

∆5/2 , 0.52

instead of

As sample B also has a lower electron density of
(2.88

·

0.44.

This corresponds to an increase

which can be accustomed to a reduction of the CBI-level in the growth chamber.

2.61 · 1011 cm−2

compared to sample A

1011 cm−2 ), this CBI-reduction is also reected in the normalized electron mobility

of sample B, which is

11 %

higher than sample A's.

Chamber contamination
An even more impressive statement for the inuence of small concentrations of CBIs is
demonstrated by sample C. Again this structure was grown to be identical to samples
A and B, and is four months younger than A. Between these two growth runs however,
the manipulator required extensive in situ repairs that resulted in considerable abrasion
of deposited material.

In addition, on the day before sample C was grown, our setup

experienced a technical failure that caused the main cryo pump to go oine and shut
down after an unknown amount of trapped impurities was released back into the chamber.
Again, mass spectrometry did not show any abnormalities. In the wake of both incidents,
electron mobilities of comparable DSQW samples dropped by more than

20 %,

which is
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with a much stronger eect,

· 106 cm2 /V s)

∆5/2
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· 106 cm2 /V s).
0.18.

and C (15.0

dropped from

0.44

to

Similarly, but

Growth temperature
Another source of CBIs during growth operations is the resistive heater that is used to bring
the substrate to growth temperature (compare section 12.2). We produced two samples
at dierent growth temperatures of

630° C (sample D) and 650° C (sample E). Mobilities
∆5/2 = 0.84, which is drastically higher compared

remained unchanged, but sample D had

∆5/2 = 0.55.

to sample E with
the higher

As

Part of this dierence may however be accustomed to

pressure that is required at higher temperatures to preserve a good growth

As eusion cell may therefore
optimal As-pressures for such

stoichiometry. Increased impurity emanation from the hotter
be a fact as well as our limited experience in nding the
growth temperatures.
through the

Also, a higher growth temperature promotes impurity migration

GaAs/AlGaAs crystal, which may further reduce the gap energy of sample E.

16.2.2 Enhanced RI-screening
In the same way as CBIs, the scattering induced by the irregular coulomb potential of

5/2

remote ionized donors hinders the development of a pronounced
apparent change in sample mobility is observed.

FQHS, even when no

In fact, in modern high-quality 2DEG

structures, RI-scattering is considered to have a bigger eect on

∆5/2 .

The decade-long

successful eorts to reduce the CBI level in the growth setups could be tested by
surements.

µ

mea-

This type of characterization is however insensitive to long-range coulomb

interactions that cause mostly small changes of an electron's (quasi-particle's)

~k

vector.

Setback distance
RI-scattering can easiest be minimized by increasing the setback distance
and doping layer. Theory predicts a scaling of the RI scattering rate as
drastic increase in gap energy is to be expected with increasing

75 nm,

have setback layers of

100 nm.

samples D and G have

d.

d between 2DEG
1/d2.5 ([51]), so a

Our samples B and F

Apart from this dierence,

sample B and G can be considered identical, as well as F and D. The gap value found
for sample G is

1.43,

compared to sample B's

while sample F shows

0.25.

0.25

adapt the value of

0.52.

Similarly,

∆5/2

in sample D is

0.84,

Considering that F was produced a year before D, we may

by the self-cleaning factor mentioned above, leading to

0.30.

So,

if we compare the two sets of samples, we nd the gap energy increasing by a factor of

1.43/0.52 = 2.75
100 nm.

and

0.84/0.30 = 2.8,

when the setback distance is raised from

75

to

DX- vs. QW-doping
From samples B, D, F and G we can also deduce the eect of reduced RI-scattering by
spatial correlation of ionized donors, provided by excess electrons with high eective mass,
located in thin

AlAs-barriers.

Samples B and G feature this QW-doping scheme described

in section 3.3 and covered with respect to mobility in chapter 15, while D and F are DXdoped with no RI-screening/donor ordering enabled.
nd an increase of

∆5/2

by

70 %

For identical setback distances we

due to the implementation of QW-doping: D/F yields
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the same factor as G/B. Gap energies and gain factors are summarized in table 16.2 for
clarity.
Strikingly, the implementation of two ways to reduce RI-scattering results in an almost
ve-fold gap energy, while electron mobilities of all four samples correspond to each other
within

±10 %.

This emphasizes the assumption that remote ionized donors are the main

obstacle to overcome, if one wishes to enhance

∆5/2 .

Adapting the QW-doping scheme
The QW-doping scheme employed in our samples consists of a

δ

layer of silicon donors,

located in a thin GaAs quantum well, anked by an AlAs barrier on each side.

Above

we demonstrated the capability of such a doping scheme to reduce RI-scattering.

The

design is derived from Umansky's SPSL-doping, which was also used for his record samples
(µ

= 36 · 106 cm2 /V s).

The SPSL design consists of two GaAs quantum wells separated

and anked by AlAs barriers.

In a similar approach, we investigated the possibility to

enhance RI-screening by inserting additional AlAs layers, to acquire a higher amount of
electrons trapped in the AlAs

X

band.

Figure 16.3 illustrates the conduction band in

the doping region for Umansky's SPSL scheme, our QW-doping, and our extended QWdoping. The 2DEG quantum well would be to the left of the schematics. Sample H was
produced with a symmetric triple doping quantum well, in sample I the doping quantum
wells were sevenfold.

Both doping regions of each sample are symmetric with only the

middle quantum well containing a silicon doping layer, resulting in two and four AlAs
screening layers between donors and 2DEG in sample H and I respectively. Otherwise, the
structures were identical to sample A in all respects, and all three of them were produced
within a period of two months.

∆5/2

scales clearly with the number of

0.44 (one) to 0.47
0.57 (four layers). This
30 % between samples A

screening layers: From
(two) and nally to

100 nm

75 nm

gain

QW

1.43 (G)

0.52 (B)

2.75

crease in gap energy is accompanied by a

DX

0.84 (D)

0.30 (F)

2.80

monotonous reduction in electron mobility,

gain

1.70

1.73

strong increase of

and I is especially interesting, as the in-

µ = 15.7 · 106 cm2 /V s for sample I as op6
2
posed to µ = 19.5 · 10 cm /V s for sample A. The reason for this reduction in unknown to us.

It was also observed on a

structure with a vefold doping quantum
well (µ

= 16.1 · 106 cm2 /V s, ∆5/2

termined).

Table 16.2: Gap energy gain by RI-screening. Noted
values are ordered according to the setback distances
and doping scheme.

not de-

A slight and monotonous reduction in electron density is also observed (see

table 16.3), supporting the conclusion that a small amount of electrons is trapped in the
additional AlAs barriers instead of contributing to the 2DEG. This reduction is however
too small to explain the decreasing mobility.
An explanation would be an increased incorporation of CBIs in the vicinity of the
quantum well. In section 13.3 we evaluated the presence of the highly reactive aluminium
near the 2DEG and its negative eect on electron mobility.

The AlAs screening layers

75 nm setback layer
32 % for sample I with

in our QW-doped samples raise the average aluminium content of a
considerably: From

25 %

to

27 %

for a standard QW-doping and to

four barriers in the setback. The additional amount of aluminium is of course concentrated

ν = 5/2
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Figure 16.3: QW-doping variations (from left to right): SPSL-doping, standard QW-doping, triple doping
quantum well and sevenfold quantum well.
Indicated in green are the

δ

The 2DEG would be located to the left of the schematics.

doping, in blue screening layers.

screening layers

one (A)

two (H)

three

four (I)

∆5/2 [10−3 ECoul ]

0.44

0.47



0.57

19.5

18.1

16.1

15.7

2.88

2.84

2.81

2.79

6

2

µ [10 cm /V s]
11

density [10

cm−2 ]

Table 16.3:

µ

and

n

reduction for an increasing number of RI screening layers.

at the far end of the setback.
homogeneous aluminium content of

So, the averaged value is not to be confused with a

32 % through the whole setback layer, which was found

to have an even bigger eect on mobility.
In any case, the increase of

∆5/2 ,

despite a signicant mobility reduction, emphasizes

the power of multiple AlAs layers and should synergize with higher setback distances,
which would weaken RI-scattering as well as the additionally incorporated CBIs.

Overdoping variation
QW-doped samples oer the possibility to incorporate a much higher amount of dopants
into the

δ -layers

than actually needed to provide the desired 2DEG density.

excess of donors is best quantied in terms of the overdoping factor

γ,

Such an

denoting the ratio

between inserted donors and donors needed in a DX-doped sample to acquire the same
2DEG-density. Electron mobility is not inuenced by
that increasing

γ

promotes the stability of the

5/2

γ

(section 15.3), but it was shown

FQHS ([3]).

However, a large amount of (excess) dopants is unfavourable for experiments involving
metallic gates, as for example studies on gate-dened QPCs. The excess doping reduces the
operation voltage range of such gates due to enhanced leakage and because the electrons
conned in the doping region are always depleted rst. A higher

γ

requires a higher portion

of the gate's voltage range to deplete the doping region, thus reducing the capability to
tune the 2DEG itself ([148]).

γ is conned to a value of about 1.5 in our samples. In sample K, we
γ = 1.5 for the lower doping, but reduced it to a value of 1.2 for the upper layer. ∆5/2
found to be 0.47 and can best be compared to the gap energy of sample B, which is

For this reason,
kept
was

0.52.

Removing more than half of the excess donors from the upper doping layer, while

leaving the lower one unchanged, does reduce

∆5/2

clearly, but we expect such structures

to be more suitable for any experimental application that requires top gates.

ν = 5/2
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16.2.3 Aluminium content near the interfaces
A possible negative eect of aluminium
in the vicinity of the 2DEG on

∆5/2

has

been discussed above, and in section 13.3
a correlation between aluminium content
of

the

setback

layers

been demonstrated.

and

mobility

has

In order to investi-

gate the dependency of the gap energy on
this parameter, we determined

∆5/2 for two

samples comparable to those already discussed mobility-wise in the mentioned section.

The results are noted in table 16.1,

Figure 16.4:

Schematic drawing of the conduction

bands of sample L with constant

x (in grey) and sam-

ple M with chirped superlattices, gradually reducing
the eective value of

x

(black).

the samples are designated L and M. The

x in the 100 nm wide setback layers is inhomogeneous: The δ doping is
Alx Ga1−x As with x = 0.32. 70 nm away from the heterointerface, the aluminium
growth rate was reduced during an interruption to achieve x = 0.25. This value was held
for sample L, while in sample M x was reduced gradually towards the interface, until a nal
value of x = 0.15 was reached. The inner setback layer of this structure was designed as
aluminium content
located in

chirped superlattice, that is of alternating AlGaAs and GaAs layers, where the latter had
a constant thickness (0.283 nm), while the width of the former was continuously reduced
(from

5.37 nm

to nally

0.85 nm).

A schematic of the resulting conduction band is shown

in gure 16.4.
While the mobilities of samples L and M diered by less than

0.31

20 %,

∆5/2 of
L (0.03).

M's

is a full order of magnitude bigger than the gap energy found for sample

However, the relatively low mobilities of both structures indicate that CBIs gettered by
aluminium near the quantum well does not pose the dominating quality limit  for

∆5/2

likewise.

Samples D and E for example have

x = 0.25

µ

and

and still show signicantly

higher gap energies and electron mobilities (as well as the QW-doped structures A, B, H-K,
despite their smaller setback distance). So, the massive increase in gap energy may only
partially be accustomed to the reduced aluminium content.

16.3 Illumination
To illustrate the RI-screening capability of the DX-doping scheme, we present a gap measurement of a DSQW that was illuminated with a red LED at
measurement temperature in the dark. In gure 16.5 a), the
temperature is shown in a B-eld range around

ν = 5/2.

5.14 T

4.2 K

RXX

and then cooled to

dependency on sample

which corresponds to lling factor

ln (RXX ) vs. 1/T . The red line
214 mK is calculated. Normalized to

Figure 16.5 b) depicts the Arrhenius plot of

represents a linear t from which a gap energy of
density, this equals

1.83 · 10−3 ECoul ,

the highest value ever measured on one of our sam-

ples. The measurement was performed not on a Hallbar or Van-der-Pauw geometry, but
through a gate-induced QPC with a width

∆5/2

< 1 µm

(as described for example in [14]), so

in a bulk sample may even be higher.

To classify the eciency of RI-screening by illumination, one can use sample F for
comparison with a gap energy of

0.25.

Both structures were produced within two weeks

with an identical set of parameters, except for a slightly lower doping density in sample N.

ν = 5/2
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a)

b)

Figure 16.5: Gap energy determination of sample N, after illumination: a) Temperature dependency of

RXX

around

B

Still,

∆5/2

ν = 5/2 (colour-coded);
∆5/2 = 214 mK .

corresponding to

t (red line) yields

b) Arrhenius plot of

1/T

vs.

ln (RXX ), the linear

is seven times higher than in sample E. Although one should not conclude on a

quantitative relation from the comparison of these two samples, the ndings underline the
eciency of illumination screening and makes it understandable why highest gap energies
are exclusively obtained from samples in this state.

16.4 Alternative benchmarks for 2DEG quality
Our ndings clearly conrm that electron mobility alone is not well suited as a general
measure for 2DEG quality, especially when it comes to development and stability of FQHSs.

B , measured at low
< 20 mK , suggests a qualitative relation between ∆5/2 and the RXY features.

However, a careful evaluation of the Hall resistance dependency on
temperatures

In gure 16.6, the Hall resistances of samples A, G, L, M, N and two additional similar
structures are compared.
corresponding to

With increasing gap energy (colour-coded), the Hall-plateaus

ν = 5/2, ν = 8/3

and

ν = 7/3

become more pronounced, and especially

the development of the (currently known) up to four re-entrant integer quantum Hall states
(RIQHS) between
known

RXY

ν = 2

and

3

improves.

Given an initial calibration of a sample with

features and gap energies, at least a qualitative prediction for

∆5/2

to be possible from a single magneto-transport measurement at low temperature.

seems
One

has to keep in mind however, that especially the RIQHS were experimentally found to be
extremely sensitive on measurement current and actual 2DEG temperature. So, for such a
prediction to be reliable, an experimental setup with excellent stability and reproducibility
in terms of temperature and measurement current would be required.
As can be seen from table 16.1,
principal allows to characterize the

∆Gap for ν = 7/3 tends to be higher than ∆5/2 , which in
5/2 gap energy by investigating ν = 7/3. This approach

is however not much of an advantage. Still a temperature dependent characterization has
to be performed, although slightly higher base temperatures could be allowed for. So, the
feedback loop for the grower would be exactly as long as if

∆5/2

were determined directly.
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Figure 16.6: Hall traces of a variety of 2DEG samples with dierent gap energies. The y-axis is denoted
in fractions of the von Klitzing constant

Figure 16.7: Temperature dependent
corresponding to

2 < ν < 1.

marked in the picture.

RK

and o-setted for clarity.

RXX traces of sample A (colour-coded) in a magnetic eld range
5/3, 8/5, 11/7, 10/7, 7/5 and 4/3 could be quantied and are

FQHSs at
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sample

L

A

H

B

∆5/2

33

48

50

54

∆7/3

19

56

77

66

∆5/3

1141

2712

3339

2725

∆4/3

350

553



686

Table 16.4: Gap energies for

ν = 5/2, 7/3, 5/3

and

4/3

determined for samples A, B, H and L. A general

trend can be observed, suggesting a relation between the respective gap energies.

Establishing a relationship between the gap energies of the

ν = 5/2

state and other

FQHS would still be desirable, if one concentrates on more robust states that are accessible
at higher temperatures. Using our

3 He cryostat with a base temperature of

analysed samples A, B, H and L in a magnetic eld range corresponding to

250 mK , we
ν = 1 to ν = 2.

A variety of FQHSs could be determined, as shown exemplarily in gure 16.7 for sample
A. Of special interest are hereby
temperatures above

ν = 5/3

and

ν = 4/3,

which can easily be investigated at

300 mK .

In table 16.4, our results for the four samples for

∆5/3

and

∆4/3

the general trend suggests a scaling of these two gap energies with

are noted.

∆5/2 ,

While

there is no

hard evidence or theory postulating a direct relationship between these states. It is more

5/3 = 1 + 2/3 or 2 − 1/3 and 4/3 = 1 + 1/3 to their equivalences in
8/3 = 2 + 2/3 and 7/3 = 2 + 1/3. Especially the latter seems a
logical candidate, as 2+1/3 corresponds to 2−1/3 for symmetry reasons and it is supposed
to have the same origin as 4/3 (evolving from ν = 1 like 7/3 from ν = 2, see section 4.3).
Judging from table 16.4, the gap energies of ν = 4/3 and ν = 5/3 are clearly related to
ν = 7/3. Drawing any conclusions towards ν = 8/3 is dicult due to this state being even
more dilute than the 5/2. We acknowledge that a much broader data base is needed before
promising to compare

the second landau level,

a denite quantitative correlation can be established, and even then, a relation between

∆7/3

and

∆5/2

waits to be theoretically understood and experimentally conrmed.

We are however convinced that our ndings suggest the existence of such correlations,
and encourage further investigation of this topic.

We hope that with a pursued eort

we will nally be able to predict a 2DEG structure's

5/2

gap energy by analysing its

magnetotransport characteristics in the temperature range above

300 mK .

This would

provide a powerful tool helping to optimize the growth of high-quality 2DEG samples, as
the feedback loop for the grower would be much shorter: Measurement throughput for a

3 He cryostat is about two samples per day instead of two samples per week in an dilution
refrigerator.

16.5 Summary and outlook
A clear dependence of

∆5/2

can be accustomed to the level of CBIs  evaluated by the

variation of electron mobility in otherwise identical structures like samples A, B and C or
L and M. While we cannot generally claim a quantitative relationship between
mobility allows for an estimation of

∆5/2

µ and ∆5/2 ,

with respect to an appropriate reference sample.

It is however interesting, that the relative changes of gap energy and mobility can be tted

ν = 5/2

CHAPTER 16.

by

δ∆5/2 ∼ (δµ)0.6 ,

GAP ENERGIES

187

as shown in gure 16.8.

As for our high-quality 2DEGs in as-grown state, we demonstrated an almost threefold
increase of gap energies with increasing setback distance from

75

to

100 nm.

Surely the

limits of this parameter space are not yet reached, as we demonstrated in chapter 14 that
a setback of

120 nm

can be expected to represent the most favourable trade-o between

density limitation and reduced RI-scattering.
By

replacing

the

DX-doping

scheme

with the QW-doping we managed to raise

∆5/2

70 %. Upon reducing the overdoping factor γ for the upper doping layer
from 1.5 to 1.2, leading from a gap energy
of 0.52 to 0.47, we expect to increase the
by

gate tuning capability of our samples significantly. This nding also indicates that an
increased overdoping should result in much
higher gap energies, in accordance with the
development of

RXX

minima presented in

5/2
RXX = 0) was observed for
factors γ > 2.5. Therefore, our

Figure 16.8: Relative electron mobilities vs. gap ener-

structures may be optimized by increasing

gies, obtained from comparing samples A, B, C and L,

γ

M. The red line represents a t to the data, suggest-

[3].

where a full development of the

FQHS (i.e.
overdoping

for the lower doping layer, which is does

not interfere with topgate applications (or
vice versa: Increase

γ

for the top doping,

ing a scaling of gap dierence with mobility dierence
to a power law with an exponent of

∼ 0.6.

when a backgate is implemented into the
structure). Additionally, we investigated the eect of a modied QW-doping scheme, employing multiple AlAs layers. Despite a reduced mobility,

∆5/2

rose by

30 %.

Minimizing the aluminium content in the vicinity of the quantum well also increased
the gap energy drastically, although here a quantitative estimation cannot (yet) be made
and would be a promising subject of further investigations.
The technique of illumination of a DX-doped structure yielded a gap energy of at

1.82 (214 mK ). The highest ∆5/2 ever reported to our knowledge is 4.7 · 10−3 ECoul
(544 mK ) [147], about a factor of 2.6 higher than the value we found for sample K. This
sample had an aluminium content of x = 0.25 and 75 nm wide setbacks. Increasing the
setback alone increased our gap energies by 2.8. Of course our results are from unscreened
least

and QW-doped samples, where a reduction of RI-scattering by increasing the setback
probably has a bigger impact. We don't want to suggest a comparable increase for fully
screened structures, much less predict a new record gap energy were soon to come.
Judging from our results, we are condent that combining the investigated parameter
optimizations to a single growth recipe would greatly benet the resulting gap energies of
our as-grown samples, on a par with the values of illuminated or gate-tuned structures.
Taking sample G with

∆5/2 = 1.43 (135 mK ) as a starting point and considering its
x = 0.25, γ = 1.5, 100 nm setback and standard quantum well

relevant growth parameters

doping, great advances in gap energy can surely be expected from future investigations.
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The goal of this work was to develop techniques and methods for the optimization
of GaAs/AlGaAs based 2DEG structures.

First of all, this concerned the enhancement

of magnetotransport properties and namely the electron mobility.
search applications a mobility of

> 107 cm2 /V s

While for many re-

is not a necessary prerequisite, the 2DEG

structures for these experiments have to full a sometimes very restrictive set of (growth)
requirements. A prominent example is the rst direct mapping of the formation of a persistent spin helix ([18]), which was performed using one of our samples.

The 2DEG in

this structure had to be located in a narrow quantum well (12 nm) close to the surface of
the sample (95 nm). This and the required high electron density dictated small setback
distances of

∼ 20 nm.

Also, the density of the lower doping layer had to be ve times

the upper one, forcing the 2DEG wave function towards the problematic lower interface.
On top of that, the need for high surface quality forced us to perform the growth with
a heated gallium-cell tip.

Every single one of these restrictions severely cuts down the

resulting electron mobility of the sample, and under these circumstances, the production
of a structure that contains any kind of measurable 2DEG can be considered a triumph.
We may point out that we did not only succeed in creating a 2DEG, but did so with a
respectable mobility of

> 5 · 105 cm2 /V s.

Generally speaking, any improvement in sample

quality that can be achieved for structures specially designed for high mobilities also gives
a better starting point when tailoring structures for a specic experiment.
Therefore, any of our structures that was used for a variety of experiments in dierent
labs in Zürich, Atlanta, Basel, Cambridge, Delft, Hannover, München, Nijmegen, Pisa,
Regensburg, Stuttgart and Würzburg, beneted from the work we present in this thesis.
The improvement of growth calibration and analysis of sample reproducibility described
in chapter 9 did not only help to make our optimization eorts more ecient and reliable,
it also improved the precision with which a specialized sample can be produced. At the
hands of the wafer mapping we present in the same chapter, the uncertainty of the exact
magnetotransport properties of a 2DEG sample employed in an experiment (which is of
course never the very sample that was actually characterized) decreased signicantly. This
analysis also demonstrates our capability to produce comparable 2DEG characteristics in
a large area of the substrate.

∆µ

and

∆n

were found to be below ve percent for more

than a quarter of the wafer area.
The implementation of backgates below an intrinsic 2DEG is an attractive way to tune
and manipulate a 2DEG. Therefore, we are certain that our development of growth parameters and layer stacks that allow for a stable and low-leakage operation of the backgate,
while the accompanying mobility-loss stays below
the community. In fact, a mobility of

19 ·

20 %
s

106 cm2 /V

(chapter 10), are of high value to
was obtained by backgate-tuning

one of our structures. This is to our knowledge the highest value ever reported for such a
conguration.
Looking from the back- to the topside of our structures, we managed to reduce the den-

30 000 cm−2 to 800 cm−2 , although at the cost of reducing the
electron mobility to approximately 40 %. By developing a variable heating prole for the
−2 while keeping the mobility
gallium eusion cell, we achieved defect densities of 2500 cm
at above 90 % of the reference value (obtained in high-defect-high-mobility condition, see
sity of surface defects from

chapter 11.
With charged background impurities (CBIs) as the main limiting factor of modern
high-mobility 2DEG samples, we investigated the origin of CBIs present in our samples
and the possibilities to decrease the CBI-level (chapter 12). We identied the substrate
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heating gear and the doping cells as potential source of contamination, while thermal
evaporation from material sources was found to have only a moderate inuence. Impurities
in the source materials themselves however, are a dierent story. Aluminium and arsenic
proved to be generally uncritical. For newly loaded gallium however, a gradual increase in
sample mobilities with time could clearly be observed. This increase can be accustomed to
impurity-outgassing from the gallium itself. Our analysis of mobility-development in the
early stages of a growth campaign (or after replacing one or more source materials) allow
to conclude whether there is generally a high level of CBIs in a growth chamber (which
then has to be taken care of ) or if a newly loaded batch of material is the problem (which
can be xed easily). Note that due to the extremely high sensibility of our 2DEGs to CBIs,
this is the only way to identify a batch of material as unsuitable for ultra-high mobility
growth.

Conventional analysis methods like glow discharge mass spectroscopy lack the

required sensitivity, as even material purities of 7N5 may still have to be considered as
contaminated.
In order to increase the gallium purity beyond the manufacturer-specied values, we
have developed and set up a zone rening facility, capable of purifying gallium in an UHV
environment. As the method of zone rening enriches impurities at both ends of a processed
material batch, we expect on the one hand an improvement in impurity determination, on
the other hand of course a signicantly reduced amount of CBIs emanating from the
processed gallium during growth operations.
As impurities that are thermally evaporated from heated doping cells contribute signicantly to the total residual impurity level in the growth chamber, we developed doping
schemes that favour large heating power (and thus high doping densities) over long doping times. This technique (within reasonable boundaries) minimizes the total amount of
thermally evaporated CBIs from the cells' surroundings.
Due to the high amount of thermal power dissipated (in the range of

200 W

during

growth), the resistive substrate heating is a prominent source of thermal evaporation,
and we found a clear tendency of reduced mobility with increasing manipulator temperature/heating power. In a preliminary study we demonstrated that a powerful NIR-laser,
directed from outside the growth chamber onto the substrate, is capable to bring a growth
substrate to a temperature of

480° C ,

while the manipulator head's temperature was dras-

tically reduced  measured temperatures were

200° C ,

compared to above

600° C

when

heating the substrate conventionally. We estimate that a heating laser with an optical output of approximately

100 W

would be sucient to bring a substrate to

650° C ,

equalling

high-mobility growth conditions.
But even a weaker laser beam, used as additional heating, can signicantly reduce the
needed resistive power. With our

530° C

35 W

with a resistive heating power of

laser active, we reached substrate temperatures of

40 W (> 70 W

without laser assistance).

We are currently in the process of implementing such a radiative heating in our MBEsetup, thus hoping to eliminate the substrate heating's contribution to the chamber's CBIlevel.

This project may synergize with another study where we replaced the standard,

massive substrate holders with a lightweight design. Combined with the laser heating, we
showed that the lightweight holder can save

> 25 %

of heating power in the temperature

range we investigated.
The quantum well containing a 2DEG is realized by one or to abrupt transitions between
GaAs and AlGaAs.

The presence of the highly reactive aluminium in the vicinity of

the 2DEG increases the CBI-level near the interface(s). Especially the lower (inverted)
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interface was found to signicantly lower the achievable electron mobilities  by approx.

30 %

compared to single-interface structures. We found the thickness of the quantum well

itself (and with that the distance of the 2DEG wave function's center to the interface)
drastically inuences mobilities (chapter 13). We present techniques to gradually reduce
the aluminium-content of the setback region upon approaching the interface.

This can

be done while precisely keeping the aimed setback distance and electron density (which is
dependent on aluminium-content of the doping region and it's distance from the 2DEG).
Doing so yielded a mobility increase of

10 %.

Additionally we checked the inuence of growth interruptions at the interfaces, which
always hold the threat of an increased amount of residual impurities adsorbing to the
surface. We found that such growth interruptions of around three minutes (lower) and ve
minutes (upper interface) can be inserted in our setup with only minor damage to mobility.
Our analysis of the mobility dependence with setback distance (chapter 14)  and with
that the contribution of remote ionized donor scattering to the total mobility limitation 
allowed to nd the optimum trade-o between increasing setback distance and the reduced
electron density coming along with larger setbacks. At the hands of the data we estimate
the total mobility limit set by charged background impurities to

µBI ≈ 3 · 107 cm2 /V s.

The mobility limitation set by remote ionized donors can be minimized by screening their irregular coulomb potential/introducing spatial correlations among the ionized
donors.

Enhancing our structures this way yielded only minor increases in mobility (as

expected, as this source of scattering is already suppressed in high-µ structures).

How-

ever, the analysis of screened and unscreened samples led to an estimation for the mobility
limits governed by ionized donors of

µRI ≈ 9 · 107 cm2 /V s

and

µRI ≈ 6 · 107 cm2 /V s

for

the screened and unscreened case respectively, and by interface roughness to a value of

µIR ≈ 2 · 108 cm2 /V s

(chapter 15).

Our eorts in increasing the

ν = 5/2 gap energy (∆5/2 ) our samples show in as grown

state are covered in chapter 16, a detailed summary is given in section 16.5. We employed
comparable methods to reduce the limitations set by technical and growth parameters as
we have done in the experiments that were devoted to mobility optimization. However,
as the fragile

5/2

FQHS is much more sensitive to RI-scattering than simple transport,

our eorts to reduce RI-scattering increased

∆5/2 = 135 mK
increase ∆5/2 that

∆5/2

by nearly a factor of three. This way,

we achieved a value of

in our top sample. Note that this structure lacked

several features to

were investigated separately (e.g.

multiple AlAs-barriers around the doping layers that increased

∆5/2

by

the concept of

30 %,

or the re-

duction of aluminium-content near the quantum well). We are convinced that combining
our results in one structure with the stacked benets of all individual improvements will
lead to signicantly increased

∆5/2

gaps in our as grown samples, that may even be on

par with gated or illuminated ones.
To summarize, our work represents a comprehensive analysis of the inuence of a large
variety of parameters on 2DEG electron mobility.

The techniques we developed and/or

optimized led to a signicant increase in the mobility of samples our MBE setup is capable

15 · 106 cm2 /V s at the beginning of our work to the production of
> 20·106 cm2 /V s samples on a daily basis, with a record value of 23·106 cm2 /V s (note that
all these are values measured at 1.3 K ). Shown in gure 17.1 is a comparison of the mobility
to produce: From below

and density range of 2DEG samples produced in the course of this work (black), compared
to the values that were achieved in the previous three growth campaigns. Not only did we
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succeed in raising the top mobilities for the dierent 2DEG classes  double- and singlesidedly doped rectangular quantum wells, top-doped heterojunctions and bottom-doped
heterojunctions (inverted structures)  we also achieved very high mobilities over a wide
range of electron densities.
We also identied CBI-contamination as main limitator to the mobility of our samples
and initiated projects that promise to raise this border considerably. We expect that, once

µBI

reaches a higher value, many of the experiments that were presented in the scope of

this work and yielded only small increases in mobility could be repeated with much bigger
eect (for example increasing setback distances, applying overdoping or raising growth
temperatures).
Apart from high-mobility 2DEG structures, our techniques were also applied to the

1.2 · 106 cm2 /V s. Also not
work are our eorts on behalf of 2DEGs consisting of X -band electrons in
5
2
wells, where we achieved mobility values of 5 · 10 cm /V s, which is in fact

production of two-dimensional hole gases, where we reached
covered in this
AlAs quantum

the highest value ever reported.
In terms of as grown structures' gap energies, we started with
ported in [13]) and increased that value to

∆5/2 = 135 mK .

∆5/2 = 32 mK

(re-
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a)

b)

c)

d)

Figure 17.1: Mobility vs. density spectrum of 2DEG samples produced in our high-µ setup in the course
of this work (black), compared to the values achieved in the three growth campaigns before (red).
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Appendix A: Typical growth recipes
SSQW
Example of a typical growth recipe, used to synthesize a

Single Sidedly doped Quantum

Well  a rectangular quantum well houses the 2DEG, electrons are provided by a single δ
layer of silicon, located in

Alx Ga1−x As

between quantum well and sample surface.

Commonly used when a rectangular 2DEG quantum well with low electron density is
needed  e.g. as rst CEO growth step to dene quantum wires, or for backgated samples.

command

explanation

Ga4T 901°C;

Set temperature of Ga-cell

Al5T 1072°C;
AsValve 120mil;

Set temperature of Al-cell
Open valved-shutter cell to provide As during growth run

ManVo 35V;

gradually raise substrate heating (35 V

=180
ˆ
W)

Pause 10min;

Growth interruption, can be dened in minutes and seconds

SLStart XX . . . SLEnd

SLStart 100;
Ga4Al5 30s;
Ga4 10s;
Pause 10s;
SLEnd;

Superlattice bracket;

produces a superlattice with

Al5T 1050°C;

Reduce temperature of cell 5 (aluminium growth rate)

Ga4Al5 2200A;

Layers can also be dened by total width (A is for

XX periods; a period is dened by the bracketed commands. Ga4Al5
indicates that cells 4 (gallium) and 5 (aluminium) are opened for the
noted timespan

Ångstrom)

Pause 30s;
Ga4 300A;

(2DEG quantum well )

Pause 21s;
Ga4Al5 700A;

(setback layer )

SiPo 10A;

Set heating current of cell 1 (silicon) to

ManVoNow 24V;

10 Ampere

Reduce substrate heating voltage instantly to

24 V

Pause 45s;
Rot 120°;

Rotate substrate to

60 s

Si1 60s;

open cell 1 for

SiPo 0A;

Switch o cell 1

ContRot;
Ga4Al5 100A;
ManVoNow 35V;
Pause 150s;
Ga4Al5 2400A;
Ga4 100A;

120°

(from load/unload position) and stop

(produce a

δ -doping

Start continuous rotation of substrate

layer of silicon)
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MDSI

M

odulation

D

oped

S

ingle

I

nterface structure. The 2DEG is located at the heterojunction of a

thick GaAs layer and the setback. Simple and reliable structure, well suited as benchmark structure
for technical parameters like vacuum quality, growth temperature and growth rates.
The layer stack (except for the base layers) can be mirrored to create an inverted 2DEG structure. The electron gas is then located at an

Alx Ga1−x As/GaAs

the implications of such an interface on sample properties.

(Base layer stack)

Ga4 5000A;
SLStart 100;
Ga4Al5 70A;
Ga4 30A;
SLEnd;
SiPo 0A;
GaAs)
Ga4 10000A;
Pause 21s;

(Bulk

(Setback)

Ga4Al5 700A
(δ -doping)

SiPo 10, 5A;
Pause 45s;
Si1 15s;
(Cap layer)

Ga4Al5 2400A;
Ga4 100A;

transition, allowing to investigate
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DSQW
A combination of MDSI and inverted 2DEG is the
ing a rectangular 2DEG quantum well and two

D

ouble

S

idedly doped

Q

uantum

W

ell. Featur-

δ -doping layers, this type of structure enables higher

electron densities and with that mobilities compared to the MDSI. Also, upper and lower doping
density can be adjusted to create a symmetric 2DEG wave function centered in the quantum well.
While many structures are in principle quantum wells doped from both sides, the term applies
here only to structures with symmetric setback layers and the DX-doping scheme. Top mobility is
Like all DX-doped samples, DSQWs can be illuminated to raise electron density and to create a
parallel conduction layer to provide RI-screening.
Sample N discussed in chapter 16 is of this type and showed

(Base layer stack)

(2DEG QW)

Ga4 5000A;
SLStart 100;
Ga4Al5 70A;
Ga4 30A;
SLEnd;
SLStart 10;
Ga4Al5 220A;
Ga4 11.3A;
Pause 20s;
SLEnd;

Pause 30s;
Ga4 300A;
Pause 21s;

δ -doping)
SiPo 10A;
Pause 45s;
Si1 20s;
SiPo 0A; (Lower setback)
(Lower

SLStart 7;
Ga4Al5 94.34A;
Ga4 5.66A;
Pause 20s;
SLEnd;
Ga4Al5 75A;

(Upper setback)

Ga4Al5 725A;
δ -doping)
SiPo 10A;
Pause 45s;
Si1 70s;
SiPo 0A;
(Upper

(Cap layer)

Ga4Al5 1370A;
Ga4 100A;

∆5/2 = 214 mK

after illumination.
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MDQW
While the term

M

odulation

D

oped

Q

uantum

W

ell in principle describes any 2DEG structure,

in our group and in this thesis only DSQWs with the QW- instead of the DX-doping scheme are
referred to as MDQW.
Similar to above, the type oers high electron density and mobility. Additionally, the QWdoping scheme provides RI-screening as-grown without the need to illuminate or otherwise process
the sample. In chapter 16, our sample G is discussed, having

∆5/2 = 135 mK .

The recipe shown here includes a temperature reduction in the doping regions to minimize the
thermally enhanced migration of silicon in growth direction.

TDop

is usually

technique can of course also be applied to DSQW and MDSI structures.

(Base layer stack)

(2DEG QW)

Ga4 5000A;
SLStart 100;
Ga4Al5 70A;
Ga4 30A;
SLEnd;
SLStart 10;
Ga4Al5 220A;
Ga4 11.3A;
Pause 20s;
SLEnd;

Pause 30s;
Ga4 300A;
Pause 21s;

(Lower QW-doping)

SiPo 10A;
Al5 19.81A;
Ga4 5.66A;
ManVoNow 6V;
Pause 45s;
ManVoNow 21V;
Si1 20s;
SiPo 0A;
Ga4 8.49A;
Al5 19.81A;
(Lower setback)

Ga4Al5 94.34A;
Ga4 5.66A;
ManVoNow 33V;
Pause 150s;
ManVoNow 32.1V;
SLStart 6;
Ga4Al5 94.34A;
Ga4 5.66A;
Pause 20s;
SLEnd;
Ga4Al5 75A;

(Upper setback)

Ga4Al5 725A;
(Upper QW-doping)

SiPo 10A;
Al5 19.81A;
Ga4 5.66A;
ManVoNow 6V;
Pause 45s;
ManVoNow 21V;
Si1 70s;
SiPo 0A;
Ga4 8.49A;
Al5 19.81A;
(Cap layer)

ManVoNow 32.1V;
Ga4Al5 1370A;
Ga4 100A;

470

to

500° C .

This
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Special: Aux-doped DSQW with chirped setback
The realizable layer stacks can be rather complex, allowing to engineer the structure's conduction
band almost at will. In this example, the inner setback layers are dened as chirped superlattices
 that is alternating layers of GaAs and AlGaAs with continuously reduced AlGaAs width 
resulting in a gradual change in average aluminium content. The doping regions are conducted
as aux-doping schemes: DX-doping in AlGaAs with a thin (1.5 nm) GaAs quantum well between
doping and 2DEG.

(Base layer stack)

Ga4 5000A;
SLStart 600;
Al5 4.36s; {5.66A}
Ga4 11.3A;
SLEnd;
Ga4Al5 275.68s; {1100A}
δ -doping)
SiPo 10.5A;
Pause 45s;
Si1 20s;
SiPo 0A;
ManVoNow 6V;
Pause 63s;
ManVoNow 25.1V;
Pause 20s;
Ga4Al5 3.51s; {14A}
ManVoNow 38V;
Pause 150s;
ManVoNow 36.7V;
(Lower

(Outer setback, aux-QW)

Ga4Al5 36.59s; {146A}
Ga4 15A;
Pause 10s;
Ga4Al5 35.09s; {140A}
Al5T 1071°;
Pause 167s;
(Inner setback, chirped SL)

Ga4Al5 53.77A;
Ga4 2.83A;
Ga4Al5 50.94A;
Ga4 2.83A;
Ga4Al5 48.11A;
Ga4 2.83A;
Ga4Al5 45.28A;
Ga4 2.83A;
Ga4Al5 42.45A;
Ga4 2.83A;
Ga4Al5 39.62A;
Ga4 2.83A;

Ga4Al5 36.79A;
Ga4 2.83A;
Ga4Al5 33.96A;
Ga4 2.83A;
Ga4Al5 31.13A;
Ga4 2.83A;
Ga4Al5 28.3A;
Ga4 2.83A;
Ga4Al5 25.47A;
Ga4 2.83A;
Ga4Al5 22.64A;
Ga4 2.83A;
Ga4Al5 19.81A;
Ga4 2.83A;
Ga4Al5 16.98A;
Ga4 2.83A;
Ga4Al5 14.15A;
Ga4 2.83A;
Ga4Al5 11.32A;
Ga4 2.83A;
Ga4Al5 8.49A;
Ga4 2.83A;
Ga4Al5 8.49A;
Ga4 2.83A;
Ga4Al5 8.49A;
Ga4 2.83A;
Ga4Al5 80A; (2DEG

QW)

Pause 30s;
Ga4 300A;
Pause 21s;
(Inner setback, chirped SL)

Ga4Al5 80A;
Ga4 2.83A;
Ga4Al5 8.49A;
Ga4 2.83A;
Ga4Al5 8.49A;
Ga4 2.83A;
Ga4Al5 8.49A;
Ga4 2.83A;
Ga4Al5 11.32A;
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Ga4 2.83A;
Ga4Al5 14.15A;
Ga4 2.83A;
Ga4Al5 16.98A;
Ga4 2.83A;
Ga4Al5 19.81A;
Ga4 2.83A;
Ga4Al5 22.64A;
Ga4 2.83A;
Ga4Al5 25.47A;
Ga4 2.83A;
Ga4Al5 28.3A;
Ga4 2.83A;
Ga4Al5 31.13A;
Ga4 2.83A;
Ga4Al5 33.96A;
Ga4 2.83A;
Ga4Al5 36.79A;
Ga4 2.83A;
Ga4Al5 39.62A;
Ga4 2.83A;
Ga4Al5 42.45A;
Ga4 2.83A;
Ga4Al5 45.28A;
Ga4 2.83A;
Ga4Al5 48.11A;
Ga4 2.83A;
Ga4Al5 50.94A;
Ga4 2.83A;
Ga4Al5 53.77A;

(Outer setback, aux-QW)

Al5T 1092°;
Pause 167s;
Ga4Al5 35.09s; {140A}
Ga4 15A;
Pause 10s;
Ga4Al5 40.10s; {160A}
(Upper δ -doping)
SiPo 10.5A;
Pause 45s;
Si1 51.67s;
SiPo 0A;
ManVoNow 6V;
Pause 63s;
ManVoNow 25.1V;
Pause 20s;
Ga4Al5 3.51s; {14A}
ManVoNow 38V;
Pause 130s;
ManVoNow 36.7V;
(Cap layer)

Ga4Al5 217.03s; {866A}
Ga4 100A;
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Appendix B: Growth parameters of 5/2 samples
Here we list the growth parameters we varied and investigated with the aim of optimizing
as discussed in chapter 16. Shown is 5/2 gap energy
and mobility

µ

∆5/2

in units of

measured at 1.3 Kelvin; thickness of the setback layers

ECoul ;

d;

total

∆5/2 ,
n

electron density

depth

of the 2DEG

below the surface; amount of dopants in the upper and lower doping layer (according to calibration
obtained from thick uniformly doped

GaAs); ratio between upper and lower doping, chosen to yield

a symmetric electron wave function centered in the quantum well (with the exception of sample
I); over-doping factor

γ

where applicable; doping scheme; aluminium content in the setback close

to the quantum well; growth temperature; and age, i.e. in which month of the growth campaign
the sample was produced. Please note that storage time proved to be uncritical, as our samples do
not show notable dierences in

µ,

n and SdH features (measured at 300 mK), even with as much

as two years between two experiments.

Sample

A

B

C

D

E

F

G

∆5/2
ECoul ]

0.44

0.52

0.18

0.84

0.55

0.25

1.43

n
cm−2 ]

2.88

2.61

2.78

2.54

2.58

2.95

2.13

µ
cm2 /V s]

1.95

1.99

1.50

2.10

2.07

1.92

1.92

dopup
12
cm−2 ]

2.5

3.5

2.5

4.2

4.2

2.2

3.1

doplow
12
cm−2 ]

0.7

1.0

0.7

0.85

0.85

0.65

0.9

75

75

75

100

100

75

100

depth
[nm]

225

225

225

200

200

225

250

dopup /doplow

3.5

3.5

3.5

5

5

3.5

3.5

γ

1.5

1.6

1.5

1

1

1

1.4

dop scheme

QW

QW

QW

DX

DX

DX

QW

Al − f raction

0.25

0.25

0.25

0.25

0.25

0.25

0.25

Tgrowth [°C ]

630

630

630

630

650

630

630

”age”

8

18

12

20

20

8

17

[10

−3

11

[10

[10

7

[10

[10

d
[nm]

Table 17.1: Sample parameters and characteristics for samples A through G.
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Sample

H

I

K

L

M

N

∆5/2
ECoul ]

0.47

0.57

0.47

0.03

0.31

1.84

n
cm−2 ]

2.84

2.79

2.87

2.46

2.66

3.17

µ
cm2 /V s]

1.81

1.57

1.96

1.31

1.55

1.87

dopup
12
cm−2 ]

2.5

2.5

2.4

3.5

3.5

2.2

doplow
12
cm−2 ]

0.7

0.7

0.9

0.7

0.7

0.65

75

75

80

100

100

80

depth
[nm]

225

225

195

200

200

225

dopup /doplow

3.5

3.5

2.7

5

5

3.5

γ

1.5

1.5

1.2/1.5

1

1

1

dop scheme

3·QW

7·QW

QW

DX

DX

DX

Al − f raction

0.25

0.25

0.25

0.25

0.15

0.25

Tgrowth [°C ]

630

630

630

630

630

630

”age”

10

10

20

13

13

8

−3

[10

[10

11

7

[10

[10

[10

d
[nm]

Table 17.2: Sample parameters and characteristics for samples H through N.

215

BIBLIOGRAPHY

List of abbreviations and acronyms
2DEG/2DES

two-dimensional electron gas/system

AlGaAs

aluminium-gallium arsenide

AlAs

aluminium arsenide

amu

atomic mass unit(s)

BES

band edge spectrometry

CBI

charged background impurity

CF

composed fermion

CP

composite particle

DOS

density of states

DSQW

double sidedly doped quantum well

F QHS

fractional quantum Hall state

GaAs

gallium arsenide

GDM S

glow discharge mass spectrometry

IQHE

integer quantum Hall eect

IR scattering

interface roughness scattering

LL

Landau level

LLM

Landau level mixing

LT − GaAs

low temperature-GaAs

M BE
M DSI

molecular beam epitaxy
modulation-doped single-interface 2DEG, a heterojunction with a single

δ -doping

layer located

30

to

100 nm

above the interface

M OCV D

metal-organic vapour deposition

M OSF ET

metal oxide semiconductor eld-eect transistor

M RP

Moore-Read Pfaan state

NMR
p.c.

nuclear magnetic resonance

p.p.

partial pressure

QHE

quantum Hall eect

QP C

quantum point contact

RHEED

reection high energy electron diraction

RI scattering

coulomb interaction-induced scattering, caused by remote ions

RIQHS

Re-entrant integer quantum Hall state

SdH

Shubnikov de Haas

SL

superlattice

SP SL

short period superlattice

SSQW

single sidedly doped quantum well

parallel (to the 2DEG) conductive layer
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