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General Introduction 

1. General Introduction 

1.1. Introduction 

The subject of this thesis is magnetoresistance of low-dimensional carrier systems. 
Magnetoresistance experiments are performed to obtain information about the electronic 
structure of low-dimensional systems. The reduced degree of freedom of the charge carriers 
introduces new interactions between the charge carriers and between the charge carriers and 
the surroundings. In all experiments disorder in the material played an important role. On the 
one hand, we were interested in decreasing the disorder by ordering the dopants. On the other 
hand, we have studied effects of disorder on the electronic system. Especially, the weak and 
strong localisation effects were investigated. 

'Low-dimensional' in these materials means lower than three dimensions (3D). The 
material systems investigated have electronic properties with dimensionalities between 3D 
and 2D, 2D, or between 2D and ID. Low-dimensional carrier systems have revealed new 
physical phenomena, like weak and strong localisation, quantum interference effects, the 
quantum Hall effect, quantum confinement of carriers and charge quantisation . In these 
systems the charge carriers are confined and can no longer move freely in all directions. Not 
only can this be achieved in artificially produced structures, but structures with a reduced 
dimensionality are also known in nature. 

Graphite and graphite-based materials2 are examples of natural materials with a 
reduced dimensionality. Their strongly layered structure makes the charge carriers quasi-two 
dimensional. Graphite is a semi-metal, which means that the number of electrons and holes 
are equal. Graphite intercalation compounds (GIC) are artificially produced materials, where 
in between the graphite layers atoms or molecules are incorporated and, therefore, the distance 
between the graphite layers increases. Moreover, the intercalant atoms or molecules act as 
dopants. The dimensionality of a GIC is lower compared to graphite, due to the reduced 
interaction between the graphite layers. In this thesis results are presented of a study of the 
magnetoresistance of PdAl2Cl8 graphite intercalation compounds. 

Another kind of artificial low-dimensional electron systems can be grown by 
sophisticated growth techniques, like Metal Organic Vapor Phase Epitaxy (MOVPE) or 
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Molecular Beam Epitaxy (MBE). High purity semiconductor crystals are grown layer by layer 

on a wafer substrate with a low background impurity concentration. Impurity atoms can 

deliberately be introduced as dopants during growth, in order to create a free charge carrier 

gas in the structure. Control of the dopants is possible with the modern growth techniques. In 

the ideal case, 5-doping is the confinement of doping atoms to a single atomic layer in the host 

material3. The carriers released from the dopants in the ô-layer are confined by the potential 

well induced by the ionised dopant atoms. The first observation of a 2D-electron system in a 

5-doped layer was made by Zrenner et al4. The most commonly used n-type dopant is silicon 

and as p-type dopant beryllium is used. A characteristic of 5-doped systems is the high carrier 

concentration, which makes them different from the other 2D semiconductor systems. In our 

tin S-doped GaAs very high electron densities could be achieved with many occupied electron 

subbands. 

Nowadays, a lot of effort is put into ordering of the dopant atoms in the doping plane, 
which reduces the disorder. The first advantage of such ordering (ideally a perfect 2D doping 
lattice) is the reduced scattering of electrons on the dopant atoms, leading to an enhanced 
mobility of the electrons. A second advantage is that dopant ordering will also reduce 
fluctuations in the local doping concentration. For device application ordering of dopants is 
important, especially in the case of small devices. Another motivation to achieve ordering of 
dopant atoms is to artificially design lower dimensional (lower than 2D) structures such as 
quantum wires and quantum dots. One way to obtain quasi-ID structures is growth on 
misoriented substrates. The use of a misoriented GaAs substrate, which consists of a system 
of steps and terraces, opens the possibility to order the dopant atoms also within the ô-layer. 
The idea is that the dopant atoms segregate towards the step edges during growth and form 
and array of quasi ID conducting wires. In this thesis we use this method to obtain ordered 
incorporation of a S-layer of tin atoms in GaAs. Tin is used as dopant, because tin has a high 
segregation velocity and can therefore move easily towards the step edges. 

Much effort is made to reduce disorder in low-dimensional systems. On the other, 
hand disorder may cause many interesting physical phenomena, like weak and strong 
localisation. Weak localisation originates from the quantum mechanical interference between 
elastically scattered carrier waves. Inelastic scattering processes destroy the phase coherence 
between the carrier waves and, therefore, weak localisation only takes place at low 
temperatures. The phase coherence is also destroyed by an applied magnetic field, which 
results in a negative magnetoresistance. This negative magnetoresistance was already studied 
systematically in 1956 in carbon based materials5. Much later weak localisation was also 
found in many low-dimensional semiconductor structures. We investigated the weak 
localisation effect in carbon foils, where the main interest was the effect of the structural 
parameters on the weak localisation. 

A theoretical description of the destruction of weak localisation by a magnetic field 
was given by Altshuler et al.6 in 1980. The description of weak localisation was based on the 
scaling theory of localisation7 put forward by Abrahams et al. These authors claimed that the 
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conductance of a disordered electronic system depends on its length scale in a universal 
manner. For 2D systems it was predicted that all electron states are localised at T=0K, while 
for T>0K the electron states are weakly localised. In general weak localisation is the precursor 
of the strong localisation of the carriers at T=0K. 

Strong localisation, in particular, the metal-insulator transition in disordered systems, 
has been a subject of interest for many years, going back to the classic papers by Mott and by 
Anderson9, which emphasise, respectively, the role of electron interaction and disorder in the 
phenomenon of carrier localisation. Based on the understanding of the weakly localised 
regime, the scaling theory has been extended to the strongly disordered regime. Nowadays 
much research is dedicated to the magnetic field induced metal-insulator transition in different 
low-dimensional semiconductor systems10. There are striking similarities between the metal-
insulator transition at high magnetic fields and the superconductor-insulator transition and 
the metal-insulator transition in two dimensions at zero field . This is indicative of the 
universality of the metal-insulator transition in these materials. 

A new example of the localisation-délocalisation transition, which is comparable with 
the metal-insulator transition, is the quantum Hall effect. The quantum Hall effect was first 
discovered in a Si-MOSFET by Von Klitzing13 in 1980 and had a major impact on solid state 
physics. The precise quantisation of the Hall resistance in the quantum Hall regime has led to 
a new definition of the resistance standard. The Hall resistance is quantised in integer 
fractions of h/e2, independent of any sample characteristics. There is a clear relationship 
between the metal-insulator transition and the quantum Hall effect, which both are 
localisation-délocalisation transitions. We have investigated the quantum Hall plateau-
insulator transition and compared it with the quantum Hall transitions, in samples where both 
effects were clearly observable. 

1.2. Outline of this thesis. 

In the remainder of this chapter the low-dimensional structures used in this study are 

discussed, namely the carbon-based materials and the low-dimensional semiconductor 

structures. 
In chapter 2 a general introduction to magnetotransport properties is given. It starts 

with an explanation of the classical magnetoresistance. Weak localisation is shortly explained 
as an introduction to chapter 4 where weak localisation effects in exfoliated graphite are 
reported. Next strong localisation phenomena are discussed, in connection with chapter 5, 
where the magnetic field induced metal-insulator transition is the subject. The last part of 
chapter 2 deals with the quantum mechanical description of the magnetoresistance. First 
quantum oscillations in the magnetoresistance, the Shubnikov-de Haas oscillations, are 
introduced. The Shubnikov-de Haas effect is an important material characterisation tool used 
throughout this thesis. Secondly, some basic properties of the quantum Hall effect are 
presented. 
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Chapter 3 deals with the bandstructure of PdAl2Cl8 graphite intercalation compounds 
(GIC). The chapter starts with an explanation of the phenomenon of intercalation. We make 
use of a 2D-bandstructure model especially suitable for acceptor type GIC. PdAl2Cl8 is a 
strong acceptor and we discuss three different structures (stagel, 2 and 3). For the 
magnetoresistance measurement of the PdAl2Cl8 GIC pulsed magnetic fields up to 38 T were 
used. The experimental results are compared with a bandstructure model. To complete the 
information about the Fermi surface of the PdAl2Cl8 GIC angle dependent magnetoresistance 
measurements are discussed. 

Magnetotransport in carbon foils fabricated from exfoliated graphite is discussed in 
chapter 4. This special type of graphite was used to investigate weak localisation for different 
structural parameters of the material. The different samples had different densities and were 
heat treated at different temperatures. For a characterisation of the samples, Hall effect and 
resistivity measurements were performed. The negative magnetoresistance, due to weak 
localisation, was fitted to theoretical descriptions. 

The subject of chapter 5 is scaling in the quantum Hall regime. The concept of scaling 
in the quantum Hall regime is given, which is an extension of the scaling principles in 2D at 
T=0K and B=0T (see section 2.3). Next, an overview of the scaling experiments in the 
quantum Hall regime is given. An important point in this overview is the type of samples 
necessary to observe genuine scaling. InGaAs/InP structures are currently the most suitable 
structures to study scaling of the plateau transition in the quantum Hall regime. We used such 
a structure in order to investigate the scaling properties of the quantum Hall plateau-to-
insulator transition. For these measurements magnetic fields up to 20T were necessary and 
temperatures down to lOOmK. 

The last chapter deals with magnetotransport in GaAs S-doped with tin. This chapter is 
divided in three parts. The first part is about structures grown on a singular substrate. 
Magnetoresistance experiments were carried out in pulsed magnetic fields up to 38T, 
perpendicular and parallel to the 2DEG. The results of both types of measurements are 
compared with bandstructure calculations. The results on structures grown on a vicinal 
substrate are discussed in the second part of the chapter. Vicinal substrates are misoriented 
substrates, which consist of steps and terraces. The aim of using vicinal substrates is to obtain 
ordering in the tin dopants. In this case magnetoresistance measurements for two current 
directions were performed. The two current directions are parallel and perpendicular to the 
step edges and the results for the two directions are compared. The last part of the chapter 
deals with the illumination effects on the conductivity. In both types of structures persistent 
photoconductivity at low temperatures is observed. An increase, as well as a decrease, in the 
conductivity after illumination is measured. The sign of the photoconductivity depends on the 
wavelength of the light and the electron density of the structure. 
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1.3. Low dimensional systems 

In this thesis magnetoresistance experiments on different material systems will be presented. 
The common factor in these materials is that they are not electronically 3 dimensional (3D) 
materials, but low-dimensional systems. The electronic properties of the material systems 
investigated have quasi-2D, 2D, or quasi-lD dimensionality. In this chapter a short 
description of the materials used will be given. A more extended description is given in the 
chapters, which describe the experiments using these materials. 

1.3.1. Graphite based materials 

1.3.1.1. Graphite intercalation compounds 

Graphite is a carbon-based material present in nature. It is quasi 2D, which means that the 
dimensionality is between 2D and 3D. Graphite consists of layers of carbon atoms, forming a 
honeycomb network with a nearest neighbour distance of 1.42À. The interplanar bonding 
between the graphite layers, due to the van der Waals force, is much weaker than the 
intraplanar covalent bonding in the layers. This results in an interplanar distance of 3.35 A. 

Graphite is a semi-metal, which means that the number of electrons is equal to the 
number of holes. Graphite intercalation compounds (GIC) are formed by intercalation of 
atoms or molecules. Intercalation in this respect is the incorporation of atoms or molecules 
into the graphite interlayer spaces. Intercalation can change the semimetallic behaviour into 
that of a 2D metal, an anisotropic 3D metal or even a superconductor, depending on the type 
of intercalant. A redistribution of electron density (charge transfer) occurs between carbon 
atoms in the graphite layers and the atoms or molecules in the intercalant layers. The equal 
number of electrons and holes present in the semimetal is modified. Graphite intercalation 
compounds (GIC) can be divided into donor-type or acceptor-type GIC, depending on the 
character of the charge redistribution. The electronic properties of these GIC can be controlled 
over a wide range by the intercalation process. In chapter 2 magnetotransport measurements 
on a PdAl2Cl8 GIC will be discussed. The structures with PdAl2Cl8 form an acceptor type GIC 
and electrons will be localised in the intercalant layer. Therefore, the free carriers in the 
graphite layer are holes. 
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1.3.1.2. Graphite foils 

In chapter 3 magnetotransport measurements in carbon foils fabricated from exfoliated 
graphite will be discussed. Highly oriented pyrolitic graphite annealed at a temperature 
T>3300K was used as starting material for the preparation of the exfoliated graphite foils. By 
intercalation with H2SO4, the interlayer distance increased from 3.35 to 7.98A. After 
hydrolisation and drying, the sample was annealed at 900°C (exfoliation process), which leads 
to a rapid blow-up of the interlayer spacing. As a result the intercalant evaporates and the 
volume of the sample increases with a factor 200-300. Foils with different densities were 
fabricated by rolling the exfoliated graphite. For a more complete description of the sample 
fabrication process see section 4.2.1. This exfoliation process was performed to increase the 
amount of disorder in the structure. The main purpose of these structures was to investigate 
the strength of the two-dimensional weak localisation, which is controlled by the amount of 
disorder. 

1.3.2. Low-dimensional semiconductor structures 

The first observation of a two dimensional electron gas (2DEG) in a semiconductor was made 
by Fowler et al.14 in 1966. For this 2DEG a high quality MOSFET (Metal Oxide 
Semiconductor Field Effect Transistor) was used. Esaki and Tsu1 first proposed low 
dimensional semiconductor structures engineered from different semiconductor materials in 
1970. The advent of advanced growth techniques made it possible to grow such artificial low 
dimensional semiconductor structures. Most important and nowadays commonly used 
techniques are Molecular Beam Epitaxy (MBE) and Metal-Organic Chemical Vapor 
Deposition (MOCVD). With this techniques it is possible to grow layer by layer, with 
atomicly sharp interfaces between different materials. Quantum wells, heterostructures and 
superlattices were grown. The background impurity concentration in the materials grown with 
these techniques is lower than 1014 cm"3. Impurity atoms can be introduced deliberately during 
growth, enabling an accurate positioning of the doped regions in the semiconductor structure. 
In the 1980's high resolution lithography and dry etching techniques made it possible to 
obtain one dimensional quantum wire semiconductor structures and zero dimensional 
quantum dot structures. In section 1.3.2.1 we will discuss InGaAs heterojunction/quantum 
well structures. In section 1.3.2.2 the tin S-doped structures in GaAs will be discussed. 
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1.3.2.1. InGaAs heterostructure 

The InGaAs structures used for the measurements discussed in this thesis are grown by 

MOCVD16. On a InP substrate a 1500Â thick n-type doped InP layer and a 1 um undoped 

Ino.53Gao.47 As layer were grown. In figure 1.1 a schematic picture of the structure and the 

potential of the conduction band is shown. The difference in bandgap between InP and 

InGaAs give rises to a step in the potential at the interface. The transfer of electrons from 

ionised donors in the InP to the InGaAs layer causes a 2 dimensional electron gas at the 

interface. 

InGaAs layer 

doped-
InP layer 

InP substrate 

2DEG 

Figure 1.1: Schematic picture of the structure and the conduction band potential (right). 

The wave functions and energy levels of the 2DEG are described by the Schrödinger equation 
containing the electrostatic confinement potential. Using the effective mass approximation 
the confined electron states in the heterojunction are given by: 

2m dz 
- + Uc(z) (p,(z)=E,(Pi{z) (1.1) 

where h is Dirac's constant, m* is the effective mass, (pi is the wave function of the i 

confined electron state with Ej its subband energy. Uc is the confining potential induced by the 

electrons and the impurities and Uc can be calculated with the Poisson equation. The energy of 

an electron in the 2DEG for parabolic subbands is given by: 

E=E, + 
h\k;+ey) 

2m 
(1.2) 

where kx and ky are the wavevectors in the plane of the 2DEG. 

http://Ino.53Gao.47
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1.3.2.2. ô-doped materials 

Delta doping refers to a well-defined narrow doping profile in a semiconductor, which can be 
grown by MBE in a controlled manner3. In our case we study §-doped layers in GaAs where 
the dopant atoms are tin. In 8-doped structures both the ionised impurities and the electrons 
are confined in the same two-dimensional layer, in contrast with modulation doped 
heterostructures discussed in the former section. A two-dimensional electron gas is formed by 
the confining potential of the ionised impurities. The electrons can move freely in the 
directions along the doping layer but are confined in the directions perpendicular to the doping 
layer. In GaAs the character of the dopant depends on the position in the lattice. For instance 
tin, or the more commonly used dopant atom silicon, is a donor when positioned on a gallium 
site and is an acceptor when positioned on an arsenic site. At a high enough doping 
concentration an impurity band is formed because of the strong overlap between the 
neighbouring donor atoms (Mott transition). At these densities silicon, as well as tin, are 
located at gallium sites and are donors. At high doping densities i.e. around 1013 silicon atoms 
per cm"2, also arsenic sites will be occupied. This process of self-compensation limits the free 
electron density. With tin this problem occurs at much higher doping densities and as a 
consequence a higher free electron density can be achieved. 

We used S-doped structures prepared on two different GaAs substrates. The first set 
was grown on a singular semi-insulating GaAs(Cr) substrate. In the ideal case the dopant 
atoms are located in a monolayer, but in practice the dopant atoms segregate and diffuse 
during growth. Depending on the growth temperature the confinement of the doping atoms is 
at best around 15Â, which corresponds to approximately five layers. Tin has rarely been used 
for S-doping in GaAs because of its high segregation ability. Therefore the width of the 
doping layer is much wider than 15Â.In the structures that we have investigated it is in the 
order of 150Â. 

The investigation of tin 5-doping in GaAs on singular substrates is important for the 
research on tin S-doping on vicinal substrates. In our case the vicinal substrates are GaAs 
substrates misoriented by a small angle from the [001] direction. The vicinal surface of the 
GaAs substrate consists of a system of steps and terraces with a terrace width of 54-540A for a 
typical misorientation angle in the range of 3°-0.3°. By decorating the steps with a donor 
impurity, it should be possible to obtain ID channels, or at least a ID periodic modulation of 
the 2DEG. For this purpose tin is very suitable because of its high segregation velocity. 
Therefore, the tin atoms will predominately occupy sites at the step edges and form a latterly 
ordered doping distribution in the doping plane. 
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