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Abstract 
 

Molecular Beam Epitaxy (MBE) is a well-established method to grow low-
dimensional structures for research applications. MBE has given many contributions to the 
rapid expanding research-area of nano-technology and will probably continuing doing so. The 
MBE equipment, dedicated for Silicon/Germanium (Si/Ge) systems, at Karlstads University 
(Kau) has been studied and started for the first time. In the work of starting the system, all the 
built in interlocks has been surveyed and connected, and the different subsystems has been 
tested and evaluated. Service supplies in the form of compressed air, cooling water and 
electrical power has been connected. The parts of the system, their function and some of the 
theory behind them are described. 

The theoretical part of this master’s thesis is focused on low-dimensional structures, 
so-called quantum wells, wires and dots, that all are typical MBE-built structures. Physical 
effects, and to some extent the technical applications, of these structures are studied and 
described. 

The experimental part contains the MBE growth of a Si/Ge quantum well (QW) 
structure and characterisation by Auger Electron Spectroscopy (AES). The structure, 
consisting of three QW of Si0,8Ge0,2 separated by thicker Si layers, was built at Linköpings 
University (LiU) and characterised at Chalmers University of Technology (CTH). The result 
of the characterisation was not the expected since almost no Ge content could be discovered 
but an extended characterisation may give another result. 
 
Keywords: Silicon, Germanium, Molecular Beam Epitaxy, MBE, Quantum wells. 
 
 

Molecular Beam Epitaxy (MBE) är en väl etablerad metod när det gäller tillverkning 
av låg-dimensionella strukturer för forskningsändamål och lämpar sig väl för användning 
inom det expanderande forskningsområdet nanoteknologi. MBE utrustningen vid Karlstads 
universitet (Kau), som är avsedd för kisel/germanium (Si/Ge) strukturer, har studerats och 
startats för första gången. Under studien av systemet har alla inbyggda förreglingar utretts och 
anslutits och de olika delsystemen har testats och utvärderats. Tryckluft, kylvatten och el har 
utretts och anslutits. Systemets delar, deras funktion och i viss mån den bakomliggande teorin 
har studerats. 

Den teoretiska delen av detta arbete är inriktad mot låg-dimensionella strukturer d.v.s. 
kvant brunnar, kvanttrådar och kvantprickar, som alla är strukturer lämpliga för framställning 
i MBE processer. De fysikaliska effekterna och i viss mån de tekniska tillämpningarna för 
dessa strukturer har studerats. 

Den experimentella delen består av MBE tillväxt av en Si/Ge kvantbrunn-struktur och 
karakterisering m.h.a. Auger Electron Spectroscopy (AES). Tillväxten av strukturen, som 
består av tre kvantbrunnar av Si0,8Ge0,2 separerade av tjockare Si-lager, utfördes på 
Linköpings Universitet (LiU) och karakteriseringen utfördes på Chalmers Tekniska Högskola 
(CTH). Resultatet av karakteriseringen var inte det förväntade då knappast något Ge innehåll 
kunde detekteras men en utökad undersökning skulle kanske ge ett annat resultat. 
 
Sökord: Kisel, germanium, Molecular Beam Epitaxy, MBE, kvantbrunn. 
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1 Introduction 
 

 
1.1 Molecular Beam Epitaxy 
 

The process MBE (Molecular Beam Epitaxy) studied in this master’s thesis is roughly 
speaking a matter of growing a crystal on top of another. The word epitaxy describes that the 
atoms, or molecules, that hit the substrate order themselves according to the lattice structure 
of the substrate. One distinguishes between homoepitaxy and heteroepitaxy where the latter 
describes the situation in Si/Ge (Silicon/Germanium) MBE, i.e. a structure with different 
composition in the layers. The well-established MBE technique started to develop in the 
1960´s and has been used in research since then. MBE is used to grow a large number of 
structures and combinations of semiconductors. The possibilities to combine materials and 
introduce doping substances are huge for this technique. In this thesis, only the area of IV-IV 
semiconductor MBE is covered. 

In some parts of the theory section, the entire theory may not be explained. This is, 
however, intentionally since a full survey in some cases should be too extensive to fit in this 
master’s thesis. The parts that affect MBE with pure layers of Si and Ge and mixed 
depositions, such as Si1-xGex layers, should be fairly covered though. Processes and 
depositions involving doping sources are briefly treated. 

One of the key properties of MBE equipments is the ability to achieve a low vacuum 
level. It is desirable to reach absolute pressures in the area of 10-10 Torr or even 10-11 Torr to 
avoid contamination of the original substrate and the grown crystal. The available techniques 
for vacuum generation and methods for calculating and measuring the pressure will be 
discussed.  
 
1.2 Semiconductors 
 

A semiconductor (SC) generally have a band gap between 0, 2 eV and 3, 5 eV. 
Materials with a band gap below 0, 2 eV are considered as conductors and materials with a 
band gap over 3, 5 eV as insulators. At T = 0 K the CB (conduction band) of a semiconductor 
is completely empty and with increasing temperature there will be some thermal excitation of 
electrons from the VB (valence band). So a SC can be said to be an insulator at T = 0 K and 
slowly transform into a conductor with increasing temperature. The SC of interest here are Si 
and Ge that will be further described later. 

By introducing doping substances the electronic properties of a SC can be customised 
for different purposes. This is done by adding impurities of various kinds in the SC structures, 
and thereby creating an abundance of electrons (n-type doping) or holes (p-type doping) in the 
SC. 
 
1.3 General 
 

After a survey of the possibilities and theory of MBE there will be a presentation of 
the Si/Ge MBE (Silicon/Germanium MBE) at the Physics department of Kau (Karlstads 
University), which has been examined and partly tested in this work. The mounting and 
testing of the MBE equipment has been a large part of this work and has been very helpful in 
understanding the different subsystems and the communication between the systems. The 
experimental part has been carried out partly at Linköpings University (LiU), where a growth 
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process has been done and partly at Chalmers in Gothenburg where the characterisation of a 
sample has been done on an AES (Auger Electron Spectroscopy) system. The AES instrument 
at Kau is installed in the basement under house 9A but was at the time for this characterisation 
not in operation due to a computer failure. The principle of the AES is presented in a short 
version. 

In the theoretical part some issues are explained with examples. Due to the subject of 
this master’s thesis, Si/Ge MBE, this system has been used as examples. Throughout the text 
several abbreviations appear. They are written out in full at the first occurrence. 
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2 MBE related theory 
 

The fabrication of Si/Ge heterostructures is partly a matter of enabling the handling of 
light in Si based structures. The wavelengths of interest are the visible and infrared. Sunlight 
covers the spectra from infrared, at 0,5 eV, to ultraviolet at 2,9 eV.  
 

 
Figure 1. Spectra of waves [1]. 

 
2.1 Pressure and temperature 
 

Pressure is a way to express the force that a gas transfers to the walls of a container. 
This is done by counting the number of collisions that a gas makes with the walls. Since the 
temperature affects the velocity, and hence the momentum of a molecule, one also have to 
take into consideration the velocity to calculate the force that a gas exerts on a wall. Using the 
loss of momentum in a collision and Newton’s second law, the pressure P can be calculated to 
be 
 

2

3
1

nmvP =        (1) 

 
where n is the number of molecules in the calculated container, m is the mass of a molecule 
and v is the average velocity of the molecules[2].  
 
2.1.1 Pressure 

 
The expression UHV (Ultra High Vacuum) often occurs in papers concerning MBE 

and this simply means that we are talking about pressures lower than 1x10-7 Torr (= 1,33x10-7 
mbar = 1,33x10-10 bar = 1,33x10-5 Pa). In some literature the limit 1x10-9 Torr is used but the 
common standard is that the pressure is low enough that a monolayer will not be able to form 
on a surface before determination and measurements of the surface is done. High vacuum is 
the range between 1x10-3 Torr and 1x10-7 Torr, and above this and up to atmospheric pressure 
is called low vacuum. The unit micron appears in some literature and this is similar to 1x10-3 
Torr. The reason for the word micron is that this pressure is the same as 1 µm Hg (mercury). 
It is mainly used in older American literature. 

As a curiosity that will not be further investigated here it can be mentioned that 
Hobson in 1973, according to [2], theoretically predicted that pressures as low as 10-33 Torr 
can be achieved by cryopumping. 
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Table 1. Conversion factors for pressure units. (Read from left to right) 

Unit  Conversion Unit  Conversion Unit 
Torr 1 0,0193 Psi 1 51,72 Torr 
Torr 1 1,333 mbar 1 0,75 Torr 
Torr 1 133,32 Pa 1 0,0075 Torr 
Torr 1 1000 Micron 1 0,001 Torr 
Torr 1 1 mm Hg 1 1 Torr 
Torr 1 0,001316 Atm 1 760 Torr 

 
The process of measuring a low pressure is actually a matter of counting the present 

atoms in a container. This is what is done in most of the gauges described in section 4.2 
below. As an approximation of the state of a gas, one can assume that the gas is an ideal gas 
instead of a real gas. That is, its molecules does not interact with each other, they are 
considered to be small spheres, the volume of the molecules is small compared to the space 
the gas occupies, they move in straight lines and make elastic collisions with each other and 
the walls of the container. The origin of the ideal gas law is the experiments carried out by 
Boyle in 1662 that concluded that the pressure of gases is inversely proportional to their 
volume (P1V1=P2V2). In 1802, Charles and Gay-Lussac expanded the theory to Pv=RT that 
means that the volume is proportional to the temperature. Here R is the gas constant that is 
calculated by R=Ru/M where Ru is the universal gas constant (8,314 kJ/kmol K) and M is the 
molar mass. 
 
2.1.2 Temperature 

 
The units used to identify temperature in MBE processing are of course the same as 

usual in physics. The absolute temperature Kelvin is widely used in older experiments while 
the Celsius scale is most widely used in more recent reports. The reason for using the Celsius 
scale in MBE applications is most likely that MBE is carried out in the plus-range of the scale 
and therefore is easier to adopt than the Kelvin scale. In the case of MBE reports that have 
been studied in this thesis it is worth mention that even the reports of American origin uses 
the Celsius scale instead of the Fahrenheit scale. Where the Fahrenheit scale has been used the 
temperature has also been stated in Celsius or Kelvin. 

Various types of measurement techniques are present in MBE equipment e.g. 
thermocouples, pyrometer and resistance measurement, where the two former are the most 
common. A thermocouple, which is used in Kau-MBE, uses a change in bias that occurs at 
temperature changes. This is called the Seeback effect and was discovered in 1921 by T. J. 
Seeback. The pyrometer measure the thermal radiation from a material and is actually more 
accurate then thermocouples. 
 
2.2 Crystals 
 

A unit cell is a unit that can be repeated throughout a crystalline structure and thereby 
fill all space. A primitive translation vector is the length and direction that the unit cell can be 
moved to still build the structure. One type of unit cell is the primitive cell that is the smallest 
reproducible volume in a crystal. The crystal structures that are most common are simple 
cubic, BCC (body centered cubic), FCC (face centered cubic) and HCP (hexagonal close 
packed). Another structure that also appears, for example when considering Si and Ge, is the 
diamond structure (DS). The unit cell of the DS has identical atoms at 000 and ¼ ¼ ¼ and 
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from those two points FCC cells are originated. So the DS consists of an FCC lattice that is 
repeated in the [¼ ¼ ¼] direction. The unit cell of a diamond-structured lattice, shown in fig. 
2, thus has eight atoms. 
 

 
Figure 2. Unit cell of the diamond-structure with the lattice constant a0 indicated [3]. 

 
2.2.1 Directions and planes of crystals 

 
The rules of indicating directions and planes are quite straight forward if a cubic 

crystal is used as the base. As an example one can use a plane that intercept the axes at    x = 
1, y = 2 and z = 3. The reciprocals of the intercepts are 1, 1/2 and 1/3. By finding the smallest 
integers that corresponds to the same ratio we get 6, 3 and 2. Thus, the Miller indices of this 
plane are (632) and since it is a plane, the figures are written in parentheses. Directions are 
written in square brackets and consist of the smallest integers that describe a direction vector. 
In a cubic crystal, the direction [hkl] is perpendicular to a plane with the indices (hkl). 
 

 
Figure 3. Some simple examples of Miller indices [4]. 

 
2.2.2 Surfaces of crystals 

 
When examining a surface of a crystal it is the atoms in the top-most layers, or as in 

the case of STM (Scanning Tunnelling Microscopy) studies, their surrounding electrons, that 
are visible and detectable. The detected atoms can form different structures by reconstruction. 
The results of these reconstructions are dependent on the material and the direction of the 
plane. Today’s usual notation was, according to [5], proposed by E.A. Wood in 1964 and uses 
the ratio of the lengths of the primitive translations vectors of the superstructure (the top 
layer(s)), to the primitive translations vectors of the underlying substrate and, if applicable, 
the angle to the underlying substrate. The full notation code is X(hkl)(m x n) - R ϕ°. If the 
superstructures lattice is centred around one of the atoms a ”c” can be used in front of the (m 
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x n) part. If the unit cell of the superstructure and the substrate coincides, the designation 
simply is (1x1). 
 

 
Figure 4. Examples of Wood’s notation. Points are atoms in the underlying substrate and circles are atoms in the 

superstructure [5]. 
 

At a surface, there can be electrons that are not involved in any kind of bonds, which 
is a common structure in SC. These are called dangling bonds and are free for bonding. By 
reconstruction, the atoms at the surface rearrange to reduce the number of dangling bonds and 
thereby lowering the surface free energy. This means that the atoms have to move into new 
positions and thus create a new structure at the surface. The reconstruction can be 
conservative or non-conservative where the former is when all of the original atoms remain at 
the surface after reconstruction, and the later indicates that some of the surface atoms are 
missing after reconstruction. A reconstruction does not necessary only concern the outermost 
layer of a crystal but can also involve some of the underlying layers. 
 
2.2.3 Reciprocal space 

 
In real space, the way to describe a crystal is to study the unit cell and its repetitions. 

In reciprocal space a Brillouin zone (BZ) can be constructed. This is a primitive Wigner-Seitz 
cell and can build the entire space by repetition. The first BZ for FCC, e.g. Si and Ge, is 
shown in fig. 5 where also some symmetry points, and their conventional notations, of the 
lattice is indicated. 
 

 
Figure 5. First BZ of the FCC cell [6]. 

 
The centre (ki=0) of the BZ is called Γ, and the intersection of any of the main axes 

(kx, ky, kz) and the surface of the first BZ are called X. Halfway between Γ and X, K and L 
lies ∆, Σ and Λ respectively. The main axes always pass through the square surfaces of the 
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first BZ. The first BZ contains all information of interest for the lattice as the wave equation is 
periodic in r and k (space and momentum), and the BZ reaches from –π / i and π / i where i is 
a, b, and c (length, width and height) corresponding to the unit cell in real space. 
 
2.3 Electronic structure 
 
2.3.1 Energy levels 

 
The energy levels for electrons in a solid are ordered in allowed bands and between 

those there are forbidden gaps, so called band gaps. The reason for this organisation in 
allowed bands is the limitations derived in the theory of quantum mechanics. This tells us that 
the energy of an electron can only take discrete levels, i.e. the energy is quantised. To 
understand the band structure we use the Schrödinger equation combined with the Kronig-
Penney model. 

The unit used to measure the energy levels of electrons is usually electron volt, eV. 
One eV is the energy acquired by an electron when it passes through a potential of 1 volt in 
vacuum. When converted into a photon, e.g. by de-excitation described in section 2.3.2, this 
energy corresponds to a wavelength of 1, 24 µm by: 
 

E

hc
=λ       (2) 

 
To evaluate the behaviour of an electron in a periodical lattice we can simulate the 

lattice with a periodic potential that interacts with the electron. This is done by combining the 
Schrödinger equation with a periodic potential V(r): 
 

( )( ) 0
2

2
02 =Ψ−+Ψ∇ rVE

m

h
.    (3) 

 
The solutions for a specific wave vector k and a band n, to this Schrödinger equation, are so-
called Bloch wave functions: 
 

( ) ( ) ( )rik

nn erkurk
•=Ψ ,,      (4) 

 
These are plane waves in which the Bloch function un(k,r) have the periodicity of the lattice 
and exp(ik•r) is the plane wave function of an electron. By inserting equation (4) into (3), and 
study a one-dimensional example we find that u(x) must satisfy  
 

( )( )
0

2
2

2
02

2

2

=






 −
−−+ u

xVEm
k

dx

du
ik

dx

ud

h
.   (5) 

 
A simplified approximation for the potential V(x), simulating the periodic lattice in a 

crystal is the Kronig-Penney potential shown in fig.6. Introducing this potential into equation 
(5), splitting (5) in two cases for V=0 and V=V0, and require continuity of u(x) and du/dx at 
boundaries between a1 and a2, yields 
 

( ) ( ) ( ) ( ) ( )kaaaaa coscoshcossinhsin
2 2121

22

=+
−

− βαβα
αβ

βα
.  (6) 
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In equation (6), α and β are the k values for a free electron in vacuum for potentials V = 0 and 
V = V0 respectively: 
 

2
02

h

Em
=α  and 

( )
2
002

h

EVm −
=β .    (7), (8) 

 

 
Figure 6. The Kronig-Penney potential that is used to simulate a periodic lattice [7]. 

 
The left hand side (LHS) of (6) must fulfil the condition -1< (LHS) <1, since this 

gives the only solutions for real values of k. These solutions can then be plotted as the 
dispersion relation E (k). The solutions exist at block-levels of E (k), where -1< (LHS) <1, 
that are separated by forbidden bands. The dispersion relation E (k) for a free electron is a 
continuous parabola as indicated by a dashed line in fig. 7a, where also the corresponding 
curve for an electron in a Kronig-Penney potential is plotted. The forbidden bands are the 
gaps at the zone boundaries. This result shows that the bands are somewhat a mix between the 
behaviour of a free electron in vacuum and an electron bound to a single atom, which have 
discrete levels. In fig. 7 c, a reduced representation of E (k) is shown. The energy dispersion 
of the electron has been folded into the first BZ, i.e. with the one component of the k vector 
between -π/a and π/a. 
 

 
Figure 7. Representations of E(k) [7]. (a) Extended, (b) periodic and (c) reduced. 
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In the three dimensional case we must think of a four dimensional space where E, kx, 

ky and kz are the axes. First, we conclude that since we have a well-ordered crystal the 
symmetry is valid in all three directions, and reduced representation can be used as in fig. 8. 
To interpret an energy band diagram one can think of it divided in sections. The sections 
extend between different points of symmetry in the first BZ and the horizontal axis of the 
diagram is a walk around the paths between the points. Each section is folded according to the 
reduced k-vector representation. Three-dimensional crystals thus show band structures 
depending on how the energy of the electrons relates to their k-vector.  

Considering Si and Ge, the maximum of the VB occurs at k = 0 (Г) as conventional. 
The minimum of the CB, considering Si, occurs approximately 85% along the [100] (towards 
X) direction. In Ge the CB minimum occurs in the [111] direction (at L). In a direct band gap 
SC, e.g. GaAs, both the VB maximum and the CB minimum occurs at the same k-vector, i.e. 
k = 0 (Г). Calculated energy-bands of Si, Ge, GaAs and InSb are shown in fig. 8. 
 

 
Figure 8. Calculated energy-bands vs. reduced wave vector in two indirect bandgap semiconductors Si and Ge, 

and two direct bandgap semiconductors GaAs and InSb [7]. 
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2.3.2 Electronic transitions 

 
An electronic transition is the event when an electron changes its energy and thereby 

the energy of the host atom, by excitation or de-excitation. In a classic model, this can be 
described as a transition between different levels of orbits around the nucleus. In a SC, a 
similar event can take place as a transition between the VB and the CB. By giving the right 
amount of energy to an electron in a SC, e.g. by photons, the electron can be excited from the 
VB to the CB and thereby leaving an empty state behind. This state is referred to as a hole, 
which from an electrical point of view, behaves as an electron with reversed charge. 

Electron-hole recombination is when the electron is de-excited from the CB and 
thereby takes the place of a hole in the VB. Energy will be released in some way and this can 
be as: 
 

• Radiative recombination – light emission 
• Non-radiative recombination – heat generation 

 
When light is emitted, the energy of the photon will be similar to the band gap of the material, 
i.e.: 
 

νhEg =       (9) 

 
where ν is the frequency of the emitted photon and h is Planck’s constant. This means that the 
wavelength of the photon will be 
 

gE

hc
=λ       (10) 

 
where c is the speed of light in vacuum. Since the conservation laws states that energy and 
momentum must be preserved in a process, this can generally only happen in a direct band 
gap SC. The momentum of the photon must thus be equal to the change in the electrons 
momentum and this is not very likely unless the electron has made a direct transition. In a 
direct transition, the momentum does not change and this corresponds well to the fact that the 
momentum of a photon is extremely small. This is the reason why indirect band gap 
semiconductors e.g. Si and Ge are poor emitters of light. Emission can take place in the 
occasion that a third particle, a phonon, is involved and preserves the momentum. A process 
in the other direction, i.e. incoming light, causes decay of an exciton by separation. An 
exciton is a pair of an electron and a hole that interacts via Coulomb forces and it decays by 
separating the pair or by recombining. This separation process is used in solar cells and photo 
detectors since it creates an electric current in the structure. 
 
2.4 Band gap engineering 
 
2.4.1 Dimensionality  

 
The term dimensionality aims to tell us in how many dimensions of an object that an 

electron can move freely. When the size of an object is small enough in one dimension, the 
electrons change their behaviour according to the laws of quantum mechanics. The already 
quantised properties of the electrons become different due to confinement effects. In fig. 9 
different kinds of structures of reduced dimensionality are shown, which due to their effects 
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via quantum mechanics are called quantum dots, wires and wells. They are objects of zero, 
one and two dimensions respectively. 
 

 
Figure 9. Structures of different dimensionality [7]. 

 
3D: A three dimensional structure is the normal structure when thinking of crystals. 

The dimensions are wide enough for the electrons to move relatively freely in all directions. 
2D: In a two dimensional structure, one dimension is so narrow that the electrons will 

experience a restriction in movement. A quantum well (QW) consists of a thin layer of one 
material surrounded by thicker layers of another material. Together with quantum dots (QD), 
this is the most interesting structure grown by MBE. Multiple quantum wells are the case 
where several wells are grown separated by thick layers of another material. A similar 
structure is a so-called superlattice that consists of thin layers of both materials in an ordered 
structure. 

1D: One-dimensional structures are also called quantum wires (QWR) and may in the 
future be used as connections in devices. In this case, the electrons can move freely in only 
one direction. 

0D: The zero dimensionality is also called 3D confinement since there is no dimension 
for the electrons to move freely. One example of 0D structures are some types of the islands 
that occur in MBE growth. These can be shaped in different ways but the common factor is 
the size that restricts the movement of electrons and thereby changes the quantum mechanical 
effects. 
 
2.4.2 Quantum confinement 

 
A quantum well is e.g. a low band gap material that is grown in-between two layers of 

a material with a larger band gap, and this structure will serve as an example of quantum 
confinement in this section. The layer of the low band gap material, the QW, must be thin 
enough to restrict the electrons from moving in a macroscopic way in the growth direction, z, 
to achieve a quantum confinement. This is illustrated in fig. 10 by a QW built by 
AlAs/GaAs/AlAs where the layer of GaAs is the QW. 
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Figure 10. In (a) a schematic representation of the QW in (b) [8]. 

 
The confinement can be in any direction but usually the confinement is achieved in the 

growth direction. In the other two directions the structure is macroscopic and the electrons can 
move as in a two dimensional lattice. The maximum thickness of the QW, to achieve a 
quantum confinement, is the de Broglie wavelength of the electrons, λdB:  
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The confinement energies in the quantum well can be calculated using the case of 

“infinitely deep well” used in elementary quantum mechanics, where an electron (hole) 
experience walls from the surrounding materials. The confinement levels (energy eigenstates) 
in the well, with E=0 in the bottom of the well, are 
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where m*e,h is the effective mass of the electron and hole respectively in the QW’s confined 
direction and d is the width of the well. The effective mass is calculated by 
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and is thus related to the curvature of the E(k) relation and changes depending on where the 
particle is and its velocity (compare to fig. 7). 

As indicated in fig. 10 a, the allowed energies for the electrons, and the holes, will be 
separated in the CB and the VB. That is, the recombinations between electrons and holes will 
not just involve the band gap of the SC but also the confinement energies of the electrons and 
holes as indicated in fig. 11 b. An emitted photon will then have the energy 
 

heg EEEh ++=ν      (14) 
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where the subscripts g, e and h corresponds to the band gap, electron confinement energy and 
hole confinement energy.  
 

      
Figure 11. (a) Emission due to de-excitation from a bulk material. (b) Emission from a QW. [8]. 

 
If several thin layers build the structure, a so-called superlattice is achieved. In this 

case, the energy levels in the valleys of the CB, and VB, will split into mini bands. The reason 
for this is that the periodic superlattice affects the electrons and holes in a similar way as the 
lattice in a bulk structure [7].  

Quantum dots can be calculated in roughly the same way and shows discrete energy 
levels since the confinement appear in all directions. Due to their similarity to atoms in their 
electronic structure, quantum dots are sometimes referred to as artificial atoms. 
 
2.4.3 Strain effects 

 
The strain induced by the lattice mismatch between e.g. Si and Ge is also a factor that 

changes the electronic structure of a material. In fact, the strain is in some cases dominant 
over the confinement effects. There are strain effects in single QW’s as well as in 
superlattices if there is a mismatch in the lattice constant between the substances used. 

In the VB, the unstrained degeneracy of the light holes and heavy holes are broken, as 
illustrated in fig. 12, so that the band gap at Г can approach the magnitude of the indirect gap. 
Effective masses of both light holes and heavy holes are reduced (curvature of E(k) sharper) 
which enhances the hole carrier mobility [7,9,10]. 

 

 
Figure 12. Valence bands of Si1-xGex layer on top of Si [7]. (c) represents the strained situation. (d) shows the 

magnitude of the splitting and shift in the VB @ 300 K. 
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2.5 Growth 
 

In MBE growth, an atom can behave many ways when it reaches the surface of the 
substrate as can be viewed in fig. 13. What processes that will be in progress is largely 
determined by the growth temperature and of course by the kinds of atoms and substrates 
involved. In the following chapters, some processes will be described in more detail. 

 
Figure 13. Surface processes in MBE growth [11]. 

 

2.5.1 Growth modes 

 
In homoepitaxy, the growth at thermodynamic stable situations should be according to 

Franck-van der Merve mode, i.e. the adatoms spread out on the surface to form a layer. In 
reality the growth can progress in three different modes that are step-flow, multi-layer and the 
above mentioned layer-by-layer mode. These are described e.g. in [5]. 

In heteroepitaxy, the growth can progress according to different modes depending on 
the Gibbs free energy density 
 
gtot = gsur-vac(1-ε) + (gsur-lay+glay-vac)ε    (15) 
 
where the subscripts reefer to the surface of the substrate, the vacuum surrounding the process 
and the layer of adatoms respectively and ε is the fraction of the surface covered by adatoms 
[12]. During equilibrium growth conditions, the Gibbs free energy is always minimized and 
this affects the selection of growth mode. The growth modes of epitaxial systems are named 
after the scientists that have explained them and the different modes are described below. 

Franck-van der Merve (FM): If (gsur-lay+glay-vac)<(gsur-vac) we get an increase of ε, and 
decrease of the free energy, by adding adatoms and the adatoms tend to spread out over the 
surface of the substrate to form a flat surface. This is also called layer-by-layer growth. 

Volmer-Weber (VW): The opposite situation where (gsur-lay+glay-vac)>(gsur-vac) also give 
us the opposite growth condition. That is that the adatoms tend to build on height instead of 
width and therefore give growth to islands. VW growth is also called island growth. 

Stranski-Krastanov (SK): The third growth condition can be explained by the strain in 
the adatom-layers that is the result of a mismatch in the lattice constants between two 
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subsequent layers. In fact the relation (gsur-lay+glay-vac)<(gsur-vac) is valid also in SK growth but 
the strain changes the situation after a few layers. The mismatch is 
 
f = aa-as/as      (16) 
 
where aa and as is the lattice constants of the adatoms and the substrate respectively. For f 
lower than 2% (0,02) the induced strain is negligible and the growth will follow one of the 
two previous modes. The change to SK growth depends not only on the mismatch but also on 
the thermodynamic situation, deposition rates and other circumstances and is hence a little 
diffuse. However, generally if the mismatch is 3% or larger the first layers will spread out 
over the substrate and eventually islands will start growing. This is the case, as further 
described in section 2.5.3, when growing Ge on Si(100) substrates at sufficiently high 
temperature, since there is a 4 % mismatch between Si and Ge. Theoretical results from 
simpler models often show that islands start to form earlier in SK mode than they do in grown 
examples, due to details in the nucleation process [13]. In this case, earlier means at a lower 
number of monolayers.  
 

 
Figure 14. Growth modes [14]. 

 
 Many substrates used in MBE are of the off-cut type, i.e. the surface is not exactly 
aligned with an atomic plane and thus has a surface consisting of terraces. If these terraces are 
short enough a step-flow growth mode can be initiated. This means that the terraces will be 
maintained during growth and the formation of islands will be suppressed. 
 
2.5.2 Monolayer 

 
The expression monolayer (ML) is not as clear as it sounds from the start. How a ML 

is formed have to do with the substrate it is growing on and thus the definition of a ML.  One 
ML is defined, according to [5], as corresponding to one adsorbate atom or molecule for each 

1x1 unit cell of the ideal non-reconstructed surface. To illustrate this, one can look at the 
comparison of two cases where the adatoms and the substrates vary respectively. As can be 
seen in fig. 15 there can be missing rows in some models of coverage and this is similar to the 
reconstructed surfaces in surface science. 

 

 
Figure 15. Coverage of a monolayer [5]. 
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This tells us that the picture obtained by characterising the structure of a surface in 

some cases must be completed by some kind of additional analysis that evaluates the height 
levels of the studied atoms. 

One ML of Ge when grown on Si(100) is 6,78 x 1014 atoms/cm2 and when grown on 
Si(111) is 7,8 x 1014 atoms/cm2 [15]. 
 
2.5.3 Strain relaxation 

 
There are two ways that strain can be induced in a heteroepitaxial structure and those 

are differences in the thermal expansion coefficient, and differences in the lattice constants. 
The dominating factor of these is the lattice constant although the thermal properties can give 
a significant contribution in some cases. By mixing two different kinds of atoms, with a 
sufficient high lattice mismatch, in an interface, there are four different ways that the structure 
takes care of the strain induced. These are elastic distortion, interdiffusion, misfit dislocation 
and surface roughening as illustrated in fig. 16. Surface roughening is actually the formation 
of islands as in the case of Volmer-Weber (VW) and Stranski-Krastanov (SK) growth modes. 
 

 
Figure 16. Strain relaxations [16]. (a) Elastic distortion, (b) surface roughening, (c) interdiffusion and (d) misfit 

dislocation. 
 

Elastic distortion is, studying Si/Ge systems, the case where we have just a thin layer, 
< 3 ML, of Ge or equally in this case, a small fraction of Ge in a Si1-xGex structure. Here the 
relaxation will be in the normal direction from the surface and Hull and Stach explain this in 
details in [16]. 

Interdiffusion is as the name says a diffusion of the adatoms into the substrate. 
Hereby the strain is gradually relaxed throughout the mixed structure. Generally, this case 
occurs at quite high process temperatures, typically over 800°C (600°C according to 
Kissinger et al in [17]. The temperature is dependent on the Ge content but in normal MBE 
growth situations the diffusion will not occur unless there are long annealing periods involved 
[16]. By interdiffusion there will be a mix of the binding configurations for the Ge atoms. 
Some will have one bond to a Si atom while others will have two, three or four bonds 
depending on how deep into the substrate they have diffused. In [17] Kissinger et al concludes 
that the major reason for this relaxation actually is segregation when growth is performed at 
400-450°C while growth below 400°C will not include diffusion or segregation. 

Misfit dislocation as viewed in fig. 16 d, is when a dislocation i.e. edge dislocations 
by distortion of the lattice, is introduced into the grown structure to remove strain. In this 
case, there will be buried “long holes” in the direct connection to the original substrate 
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surface. The dislocations start to form at a critical thickness, hc, of a grown layer. There are 
some different models for the calculation of the critical thickness and those are presented in 
[16]. The basic approach seems to be the one developed by Matthews-Blakeslee and this 
model uses a balance in the forces around a dislocation to predict what happens. The critical 
thickness, according to Matthews-Blakeslee, decreases significantly with increasing Ge 
content in the grown layer and reaches the range of ~500 nm by growing pure Ge on Si(100). 
 

 
Figure 17. Island growth in the Stranski-Krastanov mode as an example of surface roughening [18]. 

 
Surface roughening occurs by growing Ge on Si(100). At the start the Ge will form a 

few monolayers, epitaxialy grown Ge. This growth is according to the FM growth mode and 
is also called pseudomorphic growth. After ~3 ML a strain has been built up in the Ge layers 
due to the lattice mismatch of 4 %. This strain causes the Ge to start forming islands instead 
of another layer, and thereby turning to SK growth mode. This is however, very dependent on 
the growth conditions. If the temperature is low, below ~375 ºC, the formation of island may 
never start and instead additional layers will be formed. This behaviour is due to kinetic 
limitations in the form of low surface diffusion lengths, or in other words, the process is too 
cold for the adatoms to move around on the surface. Such layers will have lots of defects 
since the lattice mismatch must be absorbed in some other way. 

If the temperature is higher, the kinetic limitations are no longer valid since the atoms 
can move over the surface to their desired place. In the beginning of the formation the islands 
are free of dislocations and shaped as trapezoids, domes or elongated prisms or pyramids. The 
two later elongated types were named “hut clusters” by Mo et al in 1990 and this name has 
been used since then. According to [16], Tomitori et al found in 1994 that the temperature and 
thickness of the coverage is critical in determining the shape of the islands. The relaxation by 
forming dislocations follows different scenarios depending on the substrate temperature. 
Below 500 ºC (and over 375 ºC) the dislocations start as a single one in the middle of an 
island. These islands are believed to consist of merging hut clusters. Between 500 ºC and 600 
ºC the route is different and the relaxation not as efficient. Over 600 ºC the growth tends to 
concentrate at the islands that are dislocated and hence stress relieved. By this mechanism one 
can get an oscillating growth, i.e. growth, relaxation, growth, relaxation and so on. 
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3 Si/Ge MBE 
 

3.1 Substrate 
 

Growth processes in Si/Ge MBE and related techniques usually use Si as the substrate 
instead of Ge. The reason for this is that Si is more common, cheaper and easier to handle 
than Ge. Si crystals are also generally of larger dimensions and of higher quality than Ge. 
Additionally, the industry that in the end should use the structures created is today built for Si 
technique. Therefore, it is desirable to develop methods that can be used without 
reconstructing the semiconductor industry in total.  This has been one of the key drivers when 
developing the MBE process towards the possibilities of growing semiconductor devices. 
 
3.1.1 Properties of Si and Ge 

 
Silicon, Si, with the atomic number 14 is, second to oxygen, the most common 

substance in the Earth’s crust. As much as 25,7 % [19] by weight of the crust is Si in many 
different compounds. Si does not occur as a pure substance in nature. Pure amorphous Si was 
isolated in 1824 by J.J. Berzelius in Stockholm and crystalline Si in 1854 by H. Sainte-Claire 
Deville [20]. The crystalline form, which is the one of interest in this case, has a diamond 
structure with lattice constant a = 5, 43 Å which gives a density of 5x1022 atoms/cm3 [19]. The 
primitive translation vectors are ½ a(1,1,0), ½ a (1,0,1) and ½ a (0,1,1). The direction of the 
bonds are {111}, the lengths are the same as the separation of the two FCC structures in the 

diamond structure, i.e. ¼ 3 a, and the angles between the bonds are tetrahedral, i.e. 109, 47°. 
Germanium, Ge, atomic number 32, is a quite rare substance since it is estimated to 

make up only between 1,5 to 7 g/ton in the earth crust. It is mostly extracted as a by-product 
in zinc production. Mendelejev predicted its occurrence in 1871 and C. Winkler isolated it in 
1886 in Freiberg, Germany. The lattice constant of Ge is 5, 66 Å which gives a density of 
4,4x1022 atoms/cm3 [10]. 

 

 
Figure 18. Part of the periodic table. 

 
Band gap of Si and Ge respectively is 1, 12 eV and 0, 66 eV at 300 K which is the 

temperature for all given data in this section unless otherwise stated. 
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3.1.2 The surface of Si 

 
The directions of the different surfaces of Si can be visualised by looking at a section 

of a cylinder of Si. 
 

 
Figure 19. A cylinder of Si bulk with indicated surfaces in different directions. Square pictures: Open circles are 

Si surface atoms and dangling bonds are grey [19]. 
 

The surface of Si(100) ideally shows a square lattice with equally spaced atoms on the 
top surface. Each atom has two bonds to the underlying layer and two dangling bonds. 
 

 
Figure 20. Si(001): (a) Ideal non-reconstructed 1x1 surface. (b) Reconstructed 2x1 surface [5]. 

 
A clean Si surface always reconstruct in well-known patterns. The Si(100) surface 

should ideally be a 1x1 surface, i.e. equally spaced surface atoms in both directions. But the 
Si(100) surface reconstruct into a 2x1 arrangement where pairs of Si-atoms forms rows. The 
reason for this pairing into dimer rows is that the surface energy is lowered by the reduction 
of dangling bonds (DB). So instead of having two DB and two bonds to the underlying layer, 
the surface atoms pair together and thus have two bonds to the underlying layer, one between 
the pairing neighbours and one DB. Actually, this structure is not stable at room temperature. 
It flips back and fort in a zig-zag pattern that however is too quick to be captured in an STM. 
Below 200K the motion stops and it can be visualized that the pattern is buckled by 18 deg. 
This is the structure that is accepted as the basic structure for reconstructed, atomically clean 
Si(100) at low temperatures and it shows a c(4x2) periodicity. 
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Figure 21. (a) Buckled Si(001)c4x2. Upper Si-atoms dark-grey. (b) STM image of Si(001)c4x2 at 63K [5]. 

 
On a larger scale there are terraces with the height difference 0,136 nm [15]. In an 

STM image, e.g. fig. 22, showing several terraces one can see that the orientations of the rows 
differ between subsequent layers. So does also the orientation of the DB and this is due to the 
diamond structure of Si. 
 

 
Figure 22. STM image of Si(100) (2x1). Monoatomic height terraces are marked with T1 - T4. Perpendicular 

dimer rows are seen on the terraces [15]. 
 

By growing Ge on Si(100) the 2x1 surface of Si changes to 1x1 since the free energy 
at the surface can be taken care of by the Ge atoms instead. RHEED pictures taken during 
growth as can be seen in fig. 43 in section 4.6 indicate this. 

The surface of clean Si(111) is more complicated than Si(100). By reconstruction, it 
shows a 7x7 pattern that is explained with the dimer-adatom-stacking fault (DAS) model [15]. 
One unit cell is quite complex and contains dimers along the cell edges, 12 adatoms and 
stacking faults under half of the cell. Stacking faults refers to the pairs in the bilayer on top 
that are misaligned with respect to the underlying layer. This can bee seen in the lower view 
in fig. 23. The reconstruction of Si(111) shows a structure of bilayers instead of monolayers. 
In fig. 20 the atoms marked 2 and 3 is such a bilayer. The distance between the single layers 
of the bilayer is 0.8 Å [21]. The smallest step height observed on this surface is 3.14 Å, which 
corresponds to a complete bilayer height. One bilayer corresponds to 1.56 x 1015 atoms/cm2. 
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Figure 23. Schematic picture of the Si (111) DAS model [5]. 

 

 
Figure 24. STM pictures of Si(111) 7x7 reconstruction. One unit cell indicated and divided into faulted (brighter 

in b) and unfaulted sections [22]. 
 
3.1.3 Substrate preparation 

 
There are several acceptable ways to prepare a Si sample before its introduction into a 

UHV chamber. Some of the common procedures are the Shiraki and the RCA methods and 
those are widely used in some variations. Some researchers, as described in section 5.1, 
however do not consider these methods to produce as clean substrates as wanted, e.g. the 
boron and carbon contamination does not reach acceptable levels. 

The Shiraki method is roughly speaking a matter of dipping the substrate in different 
acids and solvents to remove contamination and native oxide and growing a thin new oxide 
layer. 

The RCA method [22] was basically developed by Werner Kern at the Radio 
Corporation of America in 1965. The procedure consists of three major parts that can be 
named Organic cleaning, Oxide removal and Ionic cleaning. The first part removes insoluble 
organic contaminants by a treatment with H2O:H2O2:NH4OH in the mixture 5:1:1. The second 
part removes silicon dioxide with a 50:1 H2O:HF solution and the third and last part removes 
ionic and metal atomic contaminations with 6:1:1 H2O:H2O2:HCl. All of these steps are 
terminated by a dip in de-ionized water and in the end, the substrates are dried by nitrogen 
flushing. There are of course variations of the method in different research groups that are 
intended to match specific requirements. 
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After introducing the sample into the MBE system, a heating sequence is often 
required for additional cleaning and reconstruction of the samples. These sequences differ 
from case to case depending on the pre-treatment and the substrate and equipment that are 
used. If HF have been used it can be necessary to do a desorption of hydrogen at typically 
600°C for 20 minutes. This also removes some of the possible organic compounds at the 
surface. To remove oxygen from the surface a heating to 900°C for 20 minutes can be 
sufficient by creating SiO molecules that are volatile and disappears from the surface. This 
treatment should normally produce a clean 2x1 reconstructed Si(100) surface. 

In [15] Goswami et al describes another sequence of heat treatment. To remove O and 
C the Si(100) sample is heated to 600°C and held there for 12 hours. After that a flashing to 
1250°C for 2-3 minutes by direct heating is performed. The native oxide desorbs and a clean 
Si surface is obtained. The pressure is lower than 7, 5x10-10 Torr. The pre-treatment is not 
described in this article. Another way to clean the surface according to [15] is to sputter it 
with Ar-ions and then annealing it to get the reconstructions that are typical for clean Si 
surfaces. 

The conclusion is that O and C are common problems in MBE processes. The basic 
approach to avoid these contaminants is to achieve a very low base pressure in the growth 
chamber and use heating to free contaminants from the surface of the substrate. 
 
3.2 Growth 
 

3.2.1 Growth conditions 

 
The basepressure when growing structures by MBE is basically a matter of how clean 

the system is and thereby how clean the grown structure will be. Most of the reports read in 
this work have used base pressures in the 10-10 Torr range when achieving epitaxial growth in 
Si/Ge MBE. 

The growth temperature has shown to affect MBE growth on different ways. A low 
temperature can restrict the epitaxial growth but on the other hand it creates lower intermixing 
of the grown substances. Those phenomena can be explained to a great extent by 
thermodynamic theory in the way that if the substrate is too cold the impinging atoms stick to 
the surface at once instead of moving around until they find the most favourable place to 
minimise their free energy. When the temperature is too high the impinging atoms diffuse into 
the surface of the substrate. This process is due to that the bonds of the surface atoms gets 
weak, from increased inter-atomic spacing and lattice vibrations, by the temperature. In this 
way, the interface becomes mixed instead of sharp as in the case of low temperature MBE. 
The above is a simplified explanation of the diffusion situation at interfaces. There is still a lot 
of research going on to explain this in detail. 

Epitaxial temperature is defined as the temperature high enough to allow atoms to 
reach the most energetically favourable position [23]. It is generally accepted that a 
temperature of 550 °C to 850 °C is required to get epitaxial growth in Si MBE. 
 
3.2.2 Combinations of Si and Ge 

 
As mentioned above, heterostructures are the kind of structures where semiconductors 

with different band gaps are involved, e.g. Si and Ge, in a sandwich structure. It may consist 
of two or more layers. To use the properties to their full potential the desire is to grow 
interfaces that are as sharp as possible. This has been and is still a problem. By increasing the 
temperature to get a good growth one gets an intermixing, and by decreasing the temperature 
one restricts the epitaxial growth. 
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The lattice constants a for Si and Ge respectively is 5,43 Å and 5,65 Å which indicates 
a mismatch of 4,1% if growing one on the other. This results in a strained layer in the 
boundary between Si and Ge which relaxes when getting thicker. The mechanisms for this 
relaxation are described in section 2.5.3. The difference in lattice constant between Si and Ge 
also means, since their crystal structures are the same, that Si is more strongly bound than Ge, 
having sublimation energies of 4,63 eV and 3,85 eV per atom respectively [16]. From this it is 
expected that a growth of Ge on Si would form planar layers since the surface energy of Ge 
should be lower than for Si. However, the strain induced by the lattice mismatch causes the 
growth to follow SK growth conditions as described in section 2.5. Described in words one 
can say that the first layers, up to approximately 3 ML, accept the mismatch and become 
strained layers. By continuing the growth the Ge starts to expand sideways to achieve its own 
normal lattice constant. By doing this there are not enough room for a complete layer on the 
surface, without introducing dislocations and vacancies, and the Ge start to form islands 
instead of a layer. 
 

3.2.3 Grown structures 

 
To create small structures, in the order of nanometers, two approaches can be used. 

The first, and the so far most common, is the top-down approach, which means that a small 
structure is created from a large, by removing material. This method has its limitations due to 
the roughness of the tools used. Even if the tool is a beam of electrons or ions the control 
when handling nanometersized objects is very difficult and thereby expensive. The other way 
to create these small structures is to let them grow from smaller particles e.g. atoms. This is 
the interesting method in this thesis and this is called the bottom-up approach. By using the 
inherent properties of different atoms, one can get self-assembled growth that follows the 
growth modes according to VW and SK or “force” the atoms to sit at specific places by 
manipulating the substrate. For example, one can use step-edges on a substrate that favours 
the growth of quantum-sized wires. In Si/Ge MBE, the growth is not normally guided by 
substrate topology, except when growing wires with islands as the starting structure. Instead, 
the symmetry of the substrate surface, the combination of materials, temperature and the 
adatom flow are used to control the grown structures. The most interesting cases in Si/Ge 
MBE concerns the growth of various strained structures, layered structures, so called quantum 
wells, and islands, quantum dots. There are however some problems in growing quantum dots 
in an ordered pattern. Even if the pattern of the island is not essential for quantum effects, the 
size distribution is. Fortunately, the size control is much more achievable than the pattern by 
using the parameters mentioned above. Quite often, a so-called capping layer is grown on top 
of the interesting structure. This is to stabilize and protect the underlying layers from 
contamination and oxidation when transferred between different UHV equipments. 

By growing Ge on Si (100) the normal growth consists of ~3 ML, a so-called wetting 
layer, evenly spread Ge, followed by islands [15]. The islands start to grow because of the 
strain induced by the lattice mismatch between Si and Ge. The effect of the islands is that the 
strain is reduced and small islands are often free of dislocations. The forms of the islands are 
square or rectangular at the start and those are called “hut clusters”. The square shape is 
expected due to the organisation of the substrate atoms (1x1) but also the rectangular shape 
has been explained due to a shape transition by Tersoff et al in 1993 [24]. Larger islands 
however often contain misfit dislocations to reduce strain.  
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Figure 25. (a) 1300 Å x 1000 Å STM image of Ge hut clusters on Si(100). 1,33 ML Ge above wetting layer. 

T=300 °C. (b) Profile along the line in (a) [21]. 
 

If the deposition rate is increased to 0, 25 nm/s (normally 0, 05 nm/s) when growing 
Ge on Si(100), the islands tends to be dome shaped instead of square or rectangular [25], as 
shown in fig. 26. Growth at high temperatures, above approximately 500°C, follows the SK 
growth mode and thereby forms three dimensional islands on the Si surface. If the 
temperature is lowered, the islands start to smear out and form a waved layer. At 300°C the 
formed layer is smooth. It appears as the thickness of the wetting layer, i.e. the thickness of 
Ge before islands start to form, is decreasing at decreasing growth temperature. 
 

 
Figure 26. Ge grown during 15 s on Si(100) at different temperatures. Deposition rate 0,25 nm/s [25]. 

 
Si/Ge strained superlattices (SLS) change the optical properties of Si based structures 

dramatically since the SLS shows quantum confinement and strain effects due to reasons 
described in section 2.4. Examples of SLS can be seen in fig. 27 & 28. One of the main 
difficulties when growing SLS is to obtain sharp interfaces between the layers, something that 
is mainly controlled with the temperature during the process. 
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Figure 27. To the left a schematic description of the TEM-image to the right. Superlattice of 0,07 nm Ge and 4,4 

nm Si [26]. 
 
 

 
Figure 28. TEM-picture of a Si/SiGe superlattice grown by MBE at the Paul Scherrer Institut in Switzerland. 

From bottom: Substrate, Si buffer layer, Si0,92Ge0,08 , superlattice of Si/ Si0,92Ge0,08 [27]. 
 

The third structure that shows quantum effects is quantum wires. When talking of 
Si/Ge MBE this appears to be a rare structure. There are some examples e.g. Horiguchi that in 
1998 claimed that quantum wires of Si emitted light. By taking metals grown on Si into 
consideration the situation is completely different and this is probably because of the metallic 
properties e.g. conduction and the possibility to use such structures as wires in future 
applications. 
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3.3 Applications of Si/Ge structures 
 

The areas of interest for devices built from Si/Ge structures are almost every area that 
involves semiconductors. In 1987 the first reports of heterostructure bipolar transistors 
(HBTs) appeared and since then there has been a steady development of the devices made 
from Si/Ge [28]. Various doping components has been used and also a lot of different 
structures. The fabrication methods have developed mainly into using UHV-CVD (Chemical 
Vapour Deposition) to produce large quantities and high quality products. The competition 
that Si/Ge has to stand up against is mainly the III-V compound GaAs and related compounds 
that has been used for several years to build high-speed devices used in wireless 
communication etc. The future of Si/Ge has been predicted to embrace the area of high-speed 
devices in the range above 30 GHz where GaAs is state of the art today. In the area of field-
effect transistors (FETs) the Si/Ge structures have not yet been as successful as in HBTs since 
the strain effect either enhance the hole or the electron mobility depending on how the 
structure is built. Of all the applications possible, I have chosen to present the area of 
optoelectronics, which probably will be a huge communication sector in the near future.  
 
3.3.1 Doped structures 

 
Doping of SC is a large area in itself and will only be mentioned here. It concerns the 

creation of additional electrons or holes, charge carriers, in a semiconductor to make it 
suitable for different purposes. Dopants that introduce free electrons in the conduction band 
are called donors and when they create holes in the valence band, they are called acceptors. A 
SC with more donors than acceptors is called an n-type SC, and the reverse is called a p-type. 
By putting two SC together, one n-type and one p-type, one creates what is called a p-n 
junction. By contact, electrons diffuse from the n to the p-region where they recombine with 
the holes. The holes follow the same process and flow in the other direction. The n-region 
becomes positively charged since the electrons leave positive ions behind and by a similar 
reason, the p-region becomes negatively charged. In the region directly around the interface 
between the two regions, there will be no free charge carriers left and this is called the 
depletion region. Here the p-n junction experiences an equilibrium state as long as no external 
electrical field disturbs the junction. By connecting a positive voltage to the p-region (forward 
mode) there will flow a current trough the junction. In the opposite case, a negative voltage, 
there will flow a small current in the opposite direction (reverse mode).  
 
3.3.2 Optoelectronics  

 
Fibre-optics is quite well developed and the problems left to solve are mainly coupled 

to the devices in the ends of a fibre-optic cable, namely photo detectors and emitters. There 
are devices that work well in these positions but the goal is to lower the price by building 
them on Si platforms instead of III-V compound semiconductor heterostructures such as 
AlGaAs/GaAs and InGaAsP/InP, which are used because of their direct band gaps and high 
quantum efficiency. The materials used are more expensive and more difficult to handle than 
Si and thereby we can justify the research based on Si technology. 

The optical properties of Si are as known poor compared to e.g. GaAs, due to the 
indirect band gap of Si. If the properties could be enhanced in the visible and infrared regions 
the applications would expand dramatically. Especially wavelengths of 1, 3 µm and 1, 55 µm 
are of interest since they relates to absorption and dispersion in glass fibre-optic cables [28]. 
Considering photo detectors and receivers there are existing and well operating devices based 
on Si already. Not surprisingly, with respect to what has been said so far, the problem is in the 
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area of emitting light. Structures of Si/Ge that emit light have been built, but the efficiency is 
still far too low on a commercial scale since there are other compounds e.g. GaAs that work 
better. 

There are two ways to create electron-hole pairs, assisted by light, in a semiconductor. 
They are extrinsic, where doping levels are involved and intrinsic where excitation occurs 
between the CB and the VB. Considering extrinsic Si based devices doping with rare earth 
ions, e.g. Erbium, is of great interest. The limitation for intrinsic reactions is that the incident 
light must have more energy than the band gap, i.e. hν > Eg. The expression quantum 
efficiency (QE) is used in some places in this thesis. There are two types of QE namely 
internal and external where the former is a ratio between radiative recombination and total 
recombination rates. The external QE is defined as the number of electron-hole pairs 
generated per incident photon. The quantum efficiency is given by 
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where Ip is the photogenerated current, q is the electron charge, Popt is the incident optical 
power and hν is the photon energy [28]. 

Common types of photo detectors are p-n junction diodes and p-i-n diodes. There are 
other types as well but these are the ones that are used with “pure” Si/Ge structures while the 
others involve metals in various ways. 
 

 
Figure 29. Schematic picture of p-i-n photodiode [29]. 

 
A p-i-n photo detector is basically a heavily doped p-n junction with an intrinsic layer 

in between the doped regions. The intrinsic layer becomes totally empty on carriers when a 
reverse bias is applied on the diode. When a photon get absorbed in the intrinsic region an 
electron-hole pair is created that can drift towards the electrodes and contribute to the current 
in a circuit. The drift of the carriers is due to the applied bias over the diode. 
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3.4 Recent research 
 

By doing a simple search in the database Inspec with the search criteria Si & Ge & 
MBE in subject, title or abstract, one can get an indication of the activities in Si/Ge MBE.  
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Fig. 30 Number of publications containing the words Si, Ge and MBE in subject, title or abstract at a search in 

Inspec. Search restricted from year 1975 to 2005. 
 

As can be seen in fig. 30 there was an increase in the activities in the late 1980’s and 
early 1990´s that was when the equipment of this study was delivered to Uppsala University. 
After the millennium, a drop can be noted and one of the reasons for this is probably that 
other methods, such as CVD, have become more common. The activities concerning Si/Ge 
structures are still quite intense, and MBE is widely used in research throughout the world. 
 
3.4.1 The Nobel Prize in Physics 2000 

 
In 2000 the Nobel Prize in Physics was awarded to Z.I. Alferov, H.Kroemer and J.S. 

Kilby with one half divided by the two former and one half to the later. The motivation for 
Alferov and Kroemer was “for developing semiconductor heterostructures used in high-
speed- and opto-electronics” and for Kilby “for his part in the invention of the integrated 
circuit” [30]. As a curiosity, it can be mentioned that Kilby is also a co-inventor of the pocket 
calculator, which we all use today. As Kroemer points out in his Nobel Lecture from 
December 8 in 2000 [31] the possibility to control the growth in an MBE process in the 
growth direction is almost exact today. In the lateral directions the situation is however 
different, but growing islands in a more and more controlled way will probably solve this 
problem as well.  Since then some development has been done and today the control of island 
growth is more accurate. 

The Royal Swedish Academy of Sciences points out, in their motivation [30], two 
major inventions that have contributed to the information society. These are the integrated 
circuit and “heterostructures with implications for high frequency electronics and 
optoelectronics”. The integrated circuit is as known a way to combine many transistors on the 
same piece of SC crystal. In this area the MBE process can develop the structures even further 
by growing devices that can be used in the optoelectronic industry, and there we have the 
second motivation. 
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4 MBE equipment 
 

In this section, the equipment for MBE at Kau will be described. In each subsection, 
there will also be a short survey of similar equipment to do similar tasks. The MBE process at 
Kau has a short history when talking about hardware. The equipment belongs to Uppsala 
University but was placed at Kau by Prof em. Kai Siegbahn in March 2003. Since then the 
equipment has been stored in the laboratory in Stora Enso´s building next to Kau. Considering 
the experience of MBE at Kau the situation is completely different since there are members of 
the Material Physics group that have a long experience of MBE processing and the equipment 
involved. In this section, the technical information comes from [32] where not otherwise 
stated. 
 

 
Figure 31. The Kau-MBE system during start-up. From left: MBE chamber, introduction chamber, control 

system. 
 

The equipment at Kau is built by Superior Vacuum Technology (SVT) in Minnesota, 
USA, in 1991 and was delivered to Uppsala University. The history is then that some systems 
have been tested although the entire process has not been started. The system is built mainly 
in stainless steel and is equipped with flanges of the conflat type. At some positions there are 
standard pipe-threads to connect pressure measurement devices. The volume of the growth 
chamber, called MBE, is approximately 275 litres and the introduction/load lock chamber has 
a total volume of 10 litres. A baking system is prepared on the MBE system but has never 
been used up to this date. Baking is a way to free contaminants from surfaces in the system by 
heating the system to 200°C under vacuum, and this is probably necessary to reach the desired 
vacuum levels for epitaxial growth. 
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Figure 32. Schematic picture of a typical MBE system. In Kau-MBE the effusion cells are Knudsen cells and the 

Si evaporator is complemented with a Ge evaporator [9]. 

 

4.1 Vacuum generation 

 
Vacuum is a word that means very different things to different people. I, having a 

background in the chemical industry, have always though of vacuum as everything below 
atmospheric pressure. In chemical industry the levels of vacuum are often quite different from 
the levels that we are handling here since the reason for vacuum is more a matter of saving 
time, and process requirements, than keeping a system clean. The large reactors used in 
commercial scale manufacturing often works in the range down to 10-2 Torr, which would not 
make any physics researcher happy. 
 
4.1.1 Roughing pumps  

 
The first step in creating vacuum in a system is to use some kind of a “rough pump”. 

This means that the pressure will go down to approximately 1x10-2 Torr depending on the 
method used. At the Kau-MBE system a Pfeiffer DUO 10, rotary vane pump that lowers the 
pressure to the 10-3 Torr range in 30 min, carries out the first step. A rotary vane pump is an 
eccentric mounted rotor which evacuates gas from the system. It is usually electrically driven 
at constant speed. This type of pump is the state of the art today to reach the first level of 
vacuum. 

The system is also equipped with three sorption pumps as shown in fig. 33, that are 
not in use at the moment. This is due to that the operation of the installed rotary vane pump is 
much easier than for the sorption pumps. The principle of a sorption pump is that a filling 
material, e.g. zeolite, in a small vessel, typically 2-3 litres, is cooled down by liquid nitrogen 
and then absorbs contaminants from the process system. After some time the zeolite becomes 
saturated and needs to be regenerated. This is done by heating the vessels, shut of from the 
vacuum system, by e.g. electrical jackets. During the generation a rough pump pumps the 
contaminants away and then the cycle is started again. At the Kau-MBE system there are 
three sorption vessels mounted. 
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Figure 33. Sorption pumps on Kau-MBE. The far right vessel is now dismounted. 

 
4.1.2 Cryo pumps 

 

The next step at the Kau-MBE system is cryo-pumps. Since the system is divided into 
two parts, MBE-chamber and introduction chamber, there are two cryo-pumps in the system. 
This is to be able to reach similar levels in both parts prior to sample introduction without 
breaking the vacuum in the MBE chamber. A cryo-pump works as an extremely efficient 
refrigerator. There are some various types of cryo pumps but the ones at Kau-MBE consist of 
a closed circuit filled with helium. The helium is compressed in a separate unit and transferred 
to a cold head by flexible hoses. In the cold head the helium passes through a helix where it 
boils and thereby cools the helix. Since the boiling point of helium is quite low, ~4 K, the 
temperature in the cold head becomes in the range of 15 K after approximately 1,5 hours. This 
corresponds to a base pressure in the MBE chamber in the 10-7 Torr range. Pressures in the 
10-8 Torr range have been reached by pumping for several hours.  The contaminants that are 
to be evacuated condense on a surface close to the helix and can be pumped away in 
regeneration cycles. Normally the regenerations are not required, but occasionally, e.g. at 
start-up of a vented system, the cold head becomes saturated with condensed contaminants. A 
cryo pump typically works in the range of 10-3 to 10-10 Torr range and the higher limit is due 
to large quantities of condensed contaminants that will reduce the efficiency of the pump. The 
pumps at Kau-MBE are built by CTI-Cryogenics in the USA. 
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Figure 34. Back side of the MBE system. From left: Introduction chamber with ion pump below. Orange 

RHEED gun. Large cryo pump with blue marking. 
 
4.1.3 Ion pumps  

 
Similar to the cryo pumps there are two ion pumps (or more correctly ion-getter 

pumps) in the Kau-MBE system. A large advantage of ion pumps is that they don’t contain 
any movable parts. Thus they are normally very reliable and can run for long times to 
maintain a low pressure in a system. The principle of an ion pump is actually three. 
Contaminants can be trapped, when in the form of ions, or buried when inert gases are 
handled. There can also be a chemical combination between titanium and chemically active 
neutral molecules e.g. N2, O2 and H2. The pumps consist of cathode plates made of titanium 
and tube shaped anodes that are mounted together in a package between the cathode plates. 
Outside the cathodes there are strong permanent magnets. 

The process starts with the generation of electrons by cold cathode emission, that will 
be described in section 4.2.3 below, that are accelerated towards the anodes. Due to the 
magnetic field the electrons move in a spiral inside the anodes and thereby increase the 
possibility that they will collide with atoms. Atoms that are hit by the electrons lose electrons 
of their own and become positively charged ions that are accelerated towards the cathodes. By 
hitting the cathode, the ions eject titanium atoms and gets trapped by the electrical charge or 
chemically absorbed in the cathodes. The ejected Ti atoms sticks on surfaces in the pump, 
mainly the anodes, and thereby renews the reactive surfaces. These reactive surfaces are the 
ones that take care of the N2, O2 and H2 mentioned above. The burial mechanism is simply a 
matter of atoms hitting the cathodes with high enough energy to penetrate into the cathode 
and thereby gets buried. 
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Figure 35. Left: Schematic ion-pump. From [33]. Right: One cell of an ion-pump [32]. 

 
4.1.4 Final steps  

 
Titanium is, as mentioned in the previous section, a highly reactive material. This is 

also used in a Titanium Sublimation Pump (TSP) that is the final step in vacuum generation in 
the Kau-MBE system. The TSP contains a filament of Ti, usually alloyed with e.g. Mo, 
which, due to high temperature, sublimates Ti when a high current is passed through the 
filament. The evaporants coats walls of the chamber in the neighbourhood and reacts with 
active gas molecules. Hereby low vapour pressure compounds are formed that can be easily 
pumped away by other systems. The Ti film needs regeneration after a while and therefore the 
TSP is normally in operation for short periods with pre-defined gaps. The gap between 
regeneration varies from minutes to several hours depending on the pressure in the system. In 
addition there is a curved baffle in the bottom of the MBE chamber. This is a so called 
cryoshroud that are used to enhance the pumping speed of the TSP. This cryoshroud can be 
cooled with liquid nitrogen. 
 
4.1.5 Others 

 

A common way to lower the pressure after a roughing stage, in MBE systems as well 
as other UHV systems, is today to use a turbopump, especially if there are large quantities of 
gas that are to be evacuated. This uses a very fast rotating rotor with blades that rotate 
between stator blades. The rotation speed is typically in the range of 30000 rpm. The fast 
rotation is one reason why they are so efficient but there are also geometric considerations in 
the construction. The rotor, and the stator, blades are tilted with respect to the rotating axis 
and thereby favour the path to the rough side of the pump over the opposite direction. This 
type of pump is used at several applications at Kau e.g. STM and AES systems. 
 
4.2 Pressure measurement 
 

Pressure measurements can be made in several ways depending on the range of 
pressure that is to be measured. The simplest way is to use a standard manometer where the 
process pressure deforms a diaphragm, which moves a liquid, which moves an indicator. By 
mounting the indicator over a calibrated scale the pressure can be read in any unit chosen. 
This is a common technique in chemical industry but not by far accurate enough for scientific 
activities concerning MBE. 
 



 37 

4.2.1 Pirani gauges 

 
In the Kau-MBE system the highest pressures are measured by two Pirani gauges that 

are limited to a maximum pressure of 1000 Torr, i.e. just above atmospheric pressure, and 
down to the 10-4 range. The gauges used are manufactured by Granville-Phillips and are 
called Convectron gauges. This is actually a modified Pirani gauge model. The principle is 
that a high pressure environment contains more molecules that can transport heat from a 
heated wire (R1 in fig. 36). By keeping the wire at a constant temperature and measuring the 
current needed to do it, the pressure can be calculated. This will differ depending on the type 
of molecules involved but in the relatively rough scale we are talking about the standard 
calibration for nitrogen is accurate enough.  
 

 
Figure 36. Pirani gauge principle. R1 is the sensor wire in the vacuum system [32]. 

 
4.2.2 Bayard-Alpert gauges 

 

A Bayard-Alpert gauge is a type of ionisation gauge also called hot cathode type. This 
is the most common type of gauge when measuring low pressures, below 10-3 Torr. An 
ionisation gauge consists of three main parts namely the filament (cathode at +30 V), grid 
(anode at + 180 V) and collector (at 0 V). The voltages are taken from the actual case in Kau-
MBE but are generally correct and instructive. By heating the filament, electrons are emitted 
from the cathode and accelerated towards the anode. The anode is formed as a spiral with the 
collector in the middle. Some electrons are captured by the anode but some of them pass into 
the spiral and collide with atoms to form positively charged ions. Those ions are then 
collected and counted by means of a current in the collector. The equipment in Kau-MBE, 
supplied by Granville-Phillips, can read pressures down to 5x10-12 Torr. 

 

 
Figure 37. Example of a Bayard-Alpert gauge. In Kau-MBE they are not built in by glass [33]. 
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4.2.3 Cold cathodes  

 
The Cold Cathode Ionisation Gauge (CC) in Kau-MBE is supplied by MKS 

Instruments Inc. in Colorado, USA, and is mounted in the introduction chamber. This type of 
gauge is quite robust in its design since it, unlike hot cathodes, does not have any filament that 
is sensitive to contaminations and high currents. The first CC was developed by Penning in 
the 1930´s to overcome some of the disadvantages of the hot cathode. In a CC the main parts 
are an anode and a cathode with a potential difference of several kV. The anode is a central 
wire surrounded by a cylindrical cathode. Outside this there is a permanent magnet that 
creates a magnetic field that is perpendicular to the electrical field inside the gauge. The 
combination of the electrical and the magnetic fields enables the electron cloud in the gauge 
to move in spiral trajectories. The cold cathode emission starts with an electron that is trapped 
in the electrical/magnetically field in the gauge. The electron collides with atoms and 
molecules, and more free electrons are produced until a stable level has been reached. The 
measurement is quite similar to the hot cathode case as the ionised atoms are collected by the 
cathode and the current is registered. The operating pressure is from 10-2 Torr to 10-9 Torr in 
the Kau-MBE application. 
 
4.3 Temperature control 

 
4.3.1 Heating 

 
To be able to do epitaxial growth the control of the temperature in the substrate is 

essential. The heating can be done by direct current methods or as in this case with a closely 
mounted resistance heater. The heater is made of SiC coated graphite and is placed directly 
over the substrate holder. It is recommended by SVT in [32] that a Si sample should not be 
heated faster than 15°C/min and not cooled faster than 10°C/min to avoid damage to the 
sample by thermal stress cracking. 
 

 
Figure 38. The slotted holder for the sample-holder and the heating element above it. 
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4.3.2 Temperature measurement 

 
Temperature measurement is carried out by thermocouples of type C (W-5%Re, W-

26%Re) (also called type W5). The principle of operation is that a bias is created, due to 
Seeback effect, when the temperature at the end-piece, called measuring point, differs from 
the reference point of the thermocouple, where the reference point is the end of the wires that 
are connected to the control unit. The measuring point is made out of two different alloys, 
hence the designation above where W is Tungsten and Re is Rhenium. 

The definition of “pyrometer” is actually: A device for measuring high temperatures. 
In physics research, the word pyrometer is normally used for devices that measure the thermal 
radiation from a material. The collected radiation is focused on some evaluation system inside 
the instrument e.g. a thermocouple. There are also optical pyrometers that evaluate the 
temperature of an object by comparing it to a glowing filament. 

From reading many reports containing temperature information, it seems to be 
appropriate to check thermocouple measurements with a pyrometer. This is because the 
measurements tend to differ depending on the method used. At least a calibration should be 
done of the thermocouples. 
 
4.4 Evaporation sources 
 
4.4.1 Electron gun sources 

 
The heart of the MBE equipment is the evaporation sources and the equipment used to 

control them. In Kau-MBE the Si and Ge sources are electron-beam sources, in which two 
electron guns bombard the Si and Ge material with electrons from a filament. The system, 
built by Edwards/Temescal, is called Simba 2 and is incorporated into the system by SVT. 
The system can use a total power of 15 kW, which was a serious concern by connecting this 
unit to the electrical supply in the lab. Another key question was the electrical grounding of 
this system due to the high voltages present. 

The electron-beam sources consists of two crucibles filled with Si and Ge, two 
electron guns with filament sources and direction control coils, a high voltage unit, and a 
control unit. The control unit interacts with the rest of the control system to receive interlock 
signals that are an essential part of the control system. The electron guns and the crucibles are 
placed in the MBE chamber, in vacuum, below the substrate holder. Between the sources and 
the substrate there must be nothing in the way since this is a “line of sight” method.  

A low-voltage AC, filament current, is used to heat the filament. Superimposed on top 
of this filament current there is a high DC voltage in the range of 10 kV. When these two 
currents are combined in the filament at a high vacuum, electrons will be emitted from the 
filament. This emission creates a DC emission current trough the high voltage circuit. Since 
there are high voltages involved in the system there are several interlocks that must be 
fulfilled before the evaporation unit can be turned on. A high voltage relay is placed as the 
last gate for the voltage to leave the regulating unit. This relay needs signals from several 
external interlocks and a signal that a gun is turned on. 
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Figure 39. View inside the MBE chamber (trough the sample manipulator mounting flange). Far left: Ionisation 

gauge for deposition rate control. Low left: Shutter for Knudsen cell. Right: Si and Ge sources with closed 
shutters. Above them the EIES and quartz crystal. 

 
When a key in the control panel is turned, the system checks that the external 

interlocks are closed and the high voltage circuit is enabled. The first of the external 
interlocks is from a cover that surrounds transformers that produce the low voltage that heats 
the filaments. These transformers are placed in the main rack that also holds the MBE 
chamber. The second is a signal from the pressure measurement devices that a sufficient low 
vacuum is present in the MBE chamber. Other interlocks that must be closed are signals from 
cooling water surveillance and ventilation fan in high voltage section. 

When the key in the panel is turned, the circuits enabled and the high voltage 
command is given to one of the guns, the filament start to glow and emit electrons. These 
electrons are normally emitted in all directions but due to the direction controls built into the 
system they are directed towards the crucibles. A deflection anode is placed between the 
filament and the crucible that makes the electrons bend of from their path and hit the surface 
of the Si and Ge respectively. The electron beam that hits the Si/Ge surface is elliptically 
shaped due to magnets. This shape can be adjusted by changing the magnets by dismounting 
the evaporation unit. Since Si is a poor thermal conductor, the beam needs to be swept over 
the source surface to prevent e-beam ”tunneling” into the source, resulting in short life and 
change in evaporant flux distribution. Cracks in the Si source can also be a result of a 
concentrated beam. Ge melts evenly and does not require a sweep of the electron beam but the 
Kau-MBE unit is operated with sweep also when evaporating Ge. This sweep-control is done 
by separate anodes placed around the electron beam and is operated trough a separate unit in 
the control racks. The sweep can be modified to follow different patterns over the Si/Ge 
surface by setting the amplitude and frequency in both x and y directions. The impact of the 
electron beam can be seen trough windows when it moves over the surfaces and creates a melt 
of Si and Ge. 
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4.4.2 Knudsen cells 

 
Another type of evaporation sources that can be used in the Kau-MBE system are 

Knudsen cells (KC). A KC is basically a crucible, filled with evaporation material, that is 
thermally heated. The crucible is often made from graphite in modern cells, and the 
temperature is controlled by thermocouples and heating coils. The cell has a small opening 
covered by a shutter similar to the ones described in the previous section. In the Kau-MBE 
system three KC can be mounted and they can be controlled manually or by the Sentinel III 
unit. A KC is suitable mainly for materials with a low melting point e.g. Al, Ag, As, Sb, Cu 
and others. 
 
4.5 Deposition control 
 

The deposition control system is supplied by Leybold Inficon Inc. and consists of 
Sentinel III Deposition Control, Electron Impact Emission Spectroscopy (EIES) and a Quartz 
Crystal Microbalance Measurements (QCM) unit.  
 

 
Figure 40. Deposition control instruments. From top: Sentinel III, electron beam sweep control for Ge and Si, 

high voltage and electron gun control. 
 

The programmable control unit, Sentinel III, controls the evaporation and allows the 
operator to build prescriptions for a sample structure. This unit controls shutters that are 
placed directly over the sources in the direction of the sample. When a layer is started, or 
completed, the shutters open or close with air/spring operated actuators and in this way sharp 
interfaces between layers can be obtained. Even if a shutter is closed the electron beam can hit 
the source and evaporate atoms, and the atoms can reach the EIES and QCM units. This is 
necessary to heat up the sources and calibrate the evaporation before deposition is started. 
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4.5.1 EIES 

 
EIES is an optical device, measuring the wavelength of photons from excited atoms 

that pass through a sensor. EIES uses an electron source to excite the atoms to be indicated. 
The installed EIES is a dual-channel type and can measure both Si and Ge atom flow. 

The principle behind an EIES sensor is basically about detecting the photons that are 
sent out from an atom by de-excitation. The atoms detected are some of the atoms that are 
evaporated from the solid sources. The EIES detector is placed beside the substrate and is hit 
by approximately the same flow of evaporants as the substrate. An electron gun sends 
electrons, emitted from a hot cathode filament, into a known volume where some of the 
evaporated atoms are hit, and thereby excites an electron in the outer shell of the evaporant. 
The atom sends out a photon at de-excitation, whose wavelength is characteristic for the 
different atoms present in the process chamber. A portion of the photons is collected by optics 
and lead to a photo cathode via a wavelength discrimination filter. To determine the current 
created by the photo cathode, related to the amount of electrons emitted from the filament, 
and thereby calculate the flow of evaporant atoms, there are a number of considerations to 
make. The final result is that the output signal is linearly proportional to the deposition rate. 
 
4.5.2 QCM 

 
To calibrate the EIES unit described above one method is to use QCM (Quartz Crystal 

Microbalance Measurements). The equipment used in Kau-MBE can present reproducibility 
better than 2% for thickness rate of a deposited film. QCM works by the principle that the 
frequency of a vibrating crystal changes when a film is deposited on its surface. The 
development of this method started in the 1950´s. The equipment used at Kau follows the 
theory developed by Miller and Bolef in 1968 that stated that materials with different elastic 
properties will behave differently when exposed to crystal vibrations. The earlier theories had 
taken the density of the deposited film into account, but Miller and Bolef also included the 
shear module, µ, for the film and the crystal. Experimental evaluations have verified that this 
is valid for a lot of deposited materials. In the factor Z-ratio both the density and the shear 
module of a deposited material are considered. Values for density and Z-ratio are tabulated in 
[32] and are for the materials used in this thesis as follows: 
 

• Si:  Bulk density 2,32 g/cm3  Z-ratio 0,712 
• Ge: Bulk density 5,35 g/cm3  Z-ratio 0,516 

 
The density for a deposited film can be approximated with the bulk density in most 

cases. However, experimental studies have shown that films that create high strains when 
deposited have slightly smaller Z-ratio. To be exact when depositing one of this materials one 
should perform a calibration process to evaluate the actual Z-ratio for the material. There is 
also a factor called tooling that should be evaluated by calibration. This factor contains the 
deviations that occur depending on the geometry of the system e.g. the offset mounting of the 
EIES and QCM relative to the substrate. 
 
4.5.3 Ionisation gauges 

 
An ionisation gauge, as described in section 4.2.2 can also be used to indicate a flow 

of evaporants from a source. In fig. 39, the ionisation gauge can be seen to the far left, almost 
entirely retracted into its protective tube. To measure the flow, the gauge is pushed out of the 
tube. The ionisation gauge in the Kau-MBE system has not been tested yet. 
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4.6 In-situ characterisation 
 

Reflection High Energy Electron Diffraction (RHEED) is a widely used method to 
analyse surfaces during growth. Dr Shozo showed the first clear picture from RHEED in 
1977. RHEED produces diffraction patterns from the surface lattice of a structure and can be 
used without masking substrates during growth. An electron beam is incident on the substrate 
and reflected towards a florescent screen where a diffraction pattern is formed. Vieetech 
Japan Co., Ltd. has supplied the RHEED gun and control unit in Kau-MBE. 
 

 
Figure 41. Principle of RHEED [13]. 

 
A RHEED gun emits electrons from a filament and accelerates them by high voltages 

towards the substrate. The energy of the electrons is normally 5-100 keV. As illustrated in fig. 
41 the electrons hit the substrate in a shallow angle, which makes the electrons reflect just a 
few layers into the crystal. If the angle where steeper the electrons would go deeper, due to 
the high energy, into the crystal before reflection and the picture on the screen would be 
blurred. After reflection the electrons diffract depending on the structure of the substrate and 
form pattern on the screen e.g. according to fig. 42. A perfectly smooth surface should give a 
pattern corresponding to fig. 42 (1) i.e. spots arranged in rings. However, most surfaces are 
not perfect and therefore the actual pattern will look like fig. 42 (2) i.e. with a little streak 
shape of the spots. This is because the asperities on the surface is penetrated and produce a 
transmission pattern that diffract with the pattern from the flat surface. This also mixes up the 
screen picture from the ordering in rings into lines. This is shown in fig. 43 a,b,c where in c, 
the pattern is ordered in lines. 

Not only the pattern but also the intensity in the spots can give information of the 
growth. The oscillations of the RHEED intensity are a commonly used indication in MBE 
growth and it is accepted that one oscillation corresponds to one ML of deposition. However, 
Nikiforov et al have showed in 1998 [35] that the growth temperature affects the period of the 
RHEED oscillations. This means that the formation of a ML does not necessarily correspond 
to one RHEED oscillation as normally expected. The deviation was shown to be as high as 25 
%. 
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Figure 42. Diffraction patterns from RHEED [34]. In (1) ideal smooth surface, (2) real smooth surface, (3) 

transmission diffraction through 3D structure, (4) randomly oriented crystal sections. 
 

RHEED can also be used to check that impurities have been removed properly from 
the surface of a substrate by detecting some typical diffraction pattern from a clean surface. 
Examples of typical patterns are seen in fig. 43, and in fig. 44, an example of an extremely 
clear RHEED picture is shown. 
 

 
Figure 43. RHEED patterns from (a) Si (100) 2x1, (b) Ge growth on Si (100) and (c) 1,2 nm Ge on Si (100) [15]. 
 

By growing Ge on Si (100) the surface changes into (1x1) and this is indicated by the 
RHEED picture in fig. 43 b taken after only one ML of Ge. The streak-shape of the spots is 
still clear and a layer-by-layer growth is the conclusion. After 3-4 ML, islands start growing 
and the pattern from the RHEED changes into a three dimensional pattern as can be seen in 
fig. 43 c. 
 



 45 

 
Figure 44. Extremely clear RHEED pattern with some typical features indicated [34]. 

 
4.7 Sample handling 
 
4.7.1 Linear transport 

 
A magnet-driven transfer system is used to move the samples into the MBE chamber. 

A magnet, that is hand-operated, is sliding outside of a stainless pipe that contains a transfer-
bar that extends into the MBE chamber. At the end of the bar, there is a notch to carry the 
sample holders. A test sample holder of stainless steel has been used in this project but in the 
future, they will be made of Tantalum. In fig. 31, the linear transfer system can be seen 
pointing out to the right from the introduction chamber. 
 
4.7.2 Manipulator 

 
The MBE system is equipped with a manipulator, shown in fig. 45 and on top of the 

MBE chamber in fig. 31. It is designed to adjust the sample-holder in height when the sample 
is transferred in and out of the chamber and to rotate the sample during deposition. The 
adjustments in height, rough and fine are performed manually while the rotation can be driven 
by an electric step motor. Other functions of the manipulator are to measure and control the 
heat of the sample as described in section 4.3, and to protect the sample from electrostatic 
charging. The manipulator is built mainly from stainless steel with cover plates of refractory 
metal. 
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Figure 45. Sample manipulator with removed cover plates. 

 
4.8 Future work on the Kau-MBE system 
 

The Kau-MBE system of today is not fully operational due to some limitations in the 
hardware and the documentation. The temperature control unit needs some attention as well 
as some of the hardware. However, once the transfer system is completed, the system should 
be possible to evaluate and tune by doing some depositions. 

To achieve a complete and up to date system one possibility is to install a controlling 
computer system based on LabView software. This computer should be designed to monitor 
and control the solid Si/Ge sources and the Knudsen cells as well as the temperature and 
interlocks in the system. In this way there would also be a possibility to store the parameters 
of a grown structure in a better way than possible today. 

Since the system is relatively easy to understand and handle it could be suitable for use 
in education in the future. It would need some evaluation of well known, MBE grown 
structures to confirm that the system is tuned in an appropriate way. There is also a need to 
complete the doping sources on the system in order to perform research activities on Si/Ge 
heterostructures and to evaluate these as devices some kind of metallization of contacts will 
be needed. 
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5 Experimental 
 

The experimental part of this master’s thesis can be divided into three different parts. 
The first part is the mounting and check-out of the Si/Ge MBE system at Kau which is 
reported in section 4. The second part is the growth of a Si/Ge structure in the laboratory of 
Prof. Wei-Xin Ni at Linköpings University (LiU) during a visit to Dr. Anders Elfving. The 
third part is the ex-situ characterisation of this MBE-grown structure, performed at Chalmers 
University of Technology (CTH) with assistance from Prof. Janusz Kanski and Dr. Lars Ilver. 

The system used for Si/Ge MBE growth at LiU is described by A. Karim in his 
master’s thesis [11] and by Ni et al in [36]. At the visit at LiU, Dr. Anders Elfving briefly 
introduced the MBE system. The different parts where discussed and the control system 
described. A growth process was performed and the sample grown was later sent to Kau for 
examination. The preparation, growth and characterization of the sample grown at our visit 
are described in this section. The goal of the characterization, performed by Auger Electron 
Spectroscopy (AES) at CTH was to determine the depth profile of the sample grown at LiU. 
 
5.1 Sample preparation 

 
At LiU, a method based on ozone treatment of the silicon wafers, used for growth, has 

been chosen to remove contaminants mainly consisting of boron and carbon. In [37] the 
authors states that the reason for using this method is that the more common RCA (Radio 
Corporation of America) and various HF(hydrofluoric acid) dipping methods does not lower 
the boron and carbon contamination to acceptable levels. The cleaning of the substrate 
surfaces consists of four stages: 

 
• Dip in 2% HF to remove native oxide 
• Ozone exposure for ≥5 minutes. The ozone reacts with carbon to form CO and an, low 

carbon, oxide-layer of ~10Å. 
• Dip in 2% HF to remove oxide 
• Ozone exposure for one minute to create a thin protecting oxide-layer 

 
It is also especially pointed out that no glass beakers or rinsing in water is used during the 

cleaning process. 
After transport to the preparation chamber connected to the MBE system the wafers are 

baked at 500°C for 10 minutes and then heated to 800°C for 12 minutes. During the last 
heating, the oxide is removed by sublimation and a reconstruction to a 2 x 1 pattern on the 
surface is indicated on the RHEED screen. This 2 x 1 pattern usually appeared after only 3 
minutes at 800°C. The remaining contaminant concentrations have been checked by 
Secondary Ion Mass Spectroscopy (SIMS) and both boron and carbon-levels was found to be 
very low. 
 
5.2 Growth conditions 
 

Cleaning procedures described above was done on the substrate used for growth in this 
part except for the SIMS characterisation. The used substrate was a 3” wafer of Si(100), p-
type with a resistance of 5-10 Ωcm. Choices of growth parameters e.g. deposition rates, 
temperatures and rotation was based on experience from growing similar structures with good 
results. A schematic description of the grown structure is shown in fig. 46. This quantum well 
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structure was chosen as a suitable sample for characterisation in an AES system and also for a 
future comparable evaluation of the Kau-MBE system. It is suitable to study diffusion in the 
interfaces between the layers and also to check the deposition rates. Concerning the quantum 
well structure it is also interesting considering research as described in section 2.4.1 and 3.2.3. 

 

Si cap 600 Å 

Si0,8Ge0,2 10 Å 

Si 200 Å 

Si0,8Ge0,2 20 Å 

Si 200 Å 

Si0,8Ge0,2 40 Å 

Si LT buffer 160 Å 

Si HT buffer 560 Å 

Si (100) substrate 

Figure 46. Schematic presentation of the grown structure. 
 

Si depositions was performed with a deposition rate of 0,8 Å/s and Ge depositions 
with a rate of 0,2 Å/s and those were calibrated with a mass-spectrometer before deposition. 
After introduction into the growth chamber the temperature, measured by pyrometer, was first 
ramped up to 850°C for 60 s and held there for 120 s for additional cleaning of the surface. 
Following a decrease to 700°C, a Si buffer layer was grown for 700 s resulting in a 560 Å 
thick layer. This layer, called HT (high temperature) was grown to repair the surface of the 
sample in case of damage.  

The temperature was decreased once again to reach the final deposition temperature, 
600°C, which was held for the rest of the depositions. A low-temperature buffer layer of 160 
Å was grown followed by a the first quantum well consisting of a 40 Å thick Si0,8Ge0,2 
compound. On top of this the following sequence was grown: 200 Å Si, 20 Å Si0,8Ge0,2, 200 
Å Si, 10 Å Si0,8Ge0,2, capping layer of 600 Å Si. The temperature was slowly decreased to 
400°C and then the heating was turned off. The final structure is schematically shown in fig. 
46. The base pressure before deposition was 4,5x10-11 Torr and all depositions was made with 
a substrate rotation of ~16 rpm. 
 
5.3 Ex-situ characterization 
 
5.3.1 The Auger process 

 
Auger Electron Spectroscopy (AES) can be used to characterise the chemical 

composition of structures. At Kau the system is equipped with the possibility to sputter a 
sample with Ar ions and thereby get a depth profile of a sample. This system has been 
described in detail by S. Persson in his master’s thesis [37] and will only be briefly described 
here. 
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In AES the characterisation is done by measuring the energy of and number of ejected 
electrons from a sample. The process starts with the removal on an electron from the inner 
shells of an atom, by e.g. bombardment with an electron beam with energy of 3-10 keV. An 
electron from an outer shell fills the vacancy and since the atom then has an excess of energy, 
some energy must be released. One way of doing this is by sending out another electron from 
an outer shell, a so-called Auger electron, which is a radiationless process. Another way of 
sending out the energy is by radiative processes such as the emission of an X-ray photon. The 
emitted electrons have a typical energy of 50-2000 eV, corresponding to a mean free path of 
just a few monolayers and can because of this only escape from the atom if they come from 
the surface region.  

The Auger process can follow different paths and hence produce different energy 
levels for the emitted electrons as shown in fig. 47. Considering low atomic number atoms, 
the most probable process is the KLL process shown in fig. 47 (a) and for higher atomic 
number the processes are more probable to follow the paths shown in fig. 47 (b) and (c). The 
process shown in fig. 47 (d) is a process occurring in solids and produces a weak signal that 
can be hard to detect in a characterisation. 

In addition, the sensitivity factor needs to be considered. This sensitivity factor differs 
depending on which element and which transition that should be measured. Also the primary 
electron beam affects the factor. 
 

 
Figure 47. Schematic description of Auger processes [37]. 

 
The sputtering process removes atoms from the sample at a small area, typically a 

diameter of 0, 25-0, 3 mm, and atoms deeper down in the structure can then be characterised. 
By sputtering and at the same time search for pre-determined Auger electron energies a depth-
profile can be obtained. Another way of determine a depth-profile is to sputter, analyse, 
sputter, analyse and so on until the desired depth has been reached. 

The obtained signal from the AES signal is normally differentiated to enhance the 
Auger peaks and suppress the interfering background noise. Standard differentiated spectrums 
for Si and Ge are shown in fig. 48. 
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Figure 48. Example of standard spectra for Si and Ge Clear peaks at 91 eV and 1619 eV for Si, and 1147 eV for 

Ge are seen [38]. 
 
5.3.2 Sample characterisation 

 
 The characterisation of the sample described in section 5.2 was carried out at CTH in 
an AES system similar to the one at Kau. The reason for using the system at CTH was that the 
system at Kau was not operational due to computer failure. 

The goal of the characterisation was to determine a depth profile of the sample and 
thereby confirm the expected depth positions and chemical compositions of the quantum 
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wells. The characterisation started with introduction of the samples into the characterisation 
chamber and alignment of the samples with the electron beam using a Faraday cup. This was 
followed by several attempts trying to determine the energy levels of Si and Ge that could be 
used for characterisation. Every system is individual and does not measure the typical 
energies listed in handbooks, as concluded in [37], and this was the reason for this search. 
Listed energies, as in fig. 48, and sensitivity factors for the characterised sample are: 
 

• Transition Energy Sensitivity 

• Si KLL 1619 eV 0,025 
• Si LMM 91 eV 0,35 
• Ge LMM 1147 eV 0,1 

 
First sputtering a hole for one minute and then searching for Ge content started the search 

for usable energy levels. Sputtering rate based on experience was estimated to 100 Å/s. The 
search for Ge content was done by a line scan over the surface of the sputtered hole. The 
expectation was to find the 10 Å thick edge of the first buried quantum well. The energy 
searched was first a span from 1050 eV to 1200 eV in order to detect the 1117 eV peak of Ge. 
No Ge was found and another four minutes of sputtering was done in the same hole. At 
another line scan some indication of Ge was seen and the conclusion was that a circular 
section of the first quantum well could be detected in the hole. Line scans searching the peak 
from Si at 91eV was also done and a dip in the Si content could be observed due to the 
quantum well. 
 

 
Figure 49. The AES system at CTH. From left: Introduction mechanism, characterisation chamber, and analyser. 
 

By trying to evaluate the energy of Ge from this hole, the signal was very weak. The 
signal from Ge was approximately 1/85 of the Si signal while it should have been 1/17. The 
ratio 1/17 was obtained by multiplying the fraction of Ge (20%=1/5) with the estimated 
relative sensitivity factor between Ge and Si (1/3,5). Since this indicated a low Ge content 
compared to the expected, the conclusion was that Si atoms must have been deposited over 
the Ge surface during sputtering. It was also discussed that atoms tends to be pressed into the 
underlying structure by the sputtering process. A simulation of this phenomenon has been 
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done at CTH on a metal system and the result was that this migration is significant. The 
resolution of the method could also have been a restricting factor during these line-scans since 
the diameter of the electron beam is larger than the width of the exposed quantum wells. 

One depth-profile scan was performed, searching for the Si LMM transition during 
simultaneous sputtering. In this scan the sputtering and characterisation was done for 
approximately 11 min which means that at least two of the quantum wells should have been 
indicated as dips in the Si content. However, no dip was detected and the conclusion was that 
there was no Ge content, the Ge signal was too weak or the chosen energy was wrong. 
Another possible explanation could be that oxidised Si disturbed the characterisation. 
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6 Summary 
 

In this master’s thesis I have studied the process and possibilities of Molecular Beam 
Epitaxy (MBE) which is a well-established method to grow low-dimensional structures for 
research applications. MBE has given many contributions to the rapid expanding research-
area of nano-technology and will probably continuing doing so. The theoretical part of this 
master’s thesis is focused on low-dimensional structures, so-called quantum wells, wires and 
dots, that all are typical MBE-built structures. Physical effects, and to some extent the 
technical applications, e.g. optoelectronics, of these structures has been studied and described. 

The MBE equipment, dedicated for Silicon/Germanium (Si/Ge) systems, at Karlstads 
University has been studied and started for the first time. In the work of starting the system, 
all the built in interlocks has been surveyed and connected, and the different subsystems has 
been tested and evaluated. Service supplies in the form of compressed air, cooling water and 
electrical power has been connected. By completing and starting the system, some insight in 
the research and development concerning MBE growth was gained and an increased interest 
in the area has been developed. The studies of publications and literature have also created 
some thoughts concerning the growth in MBE. Some ideas involving MBE grown structures 
has developed that would be interesting to study further and explore if they are realistic, or 
maybe already ruled out by someone else. 

By performing the experimental part of growing and characterising a SiGe quantum 
well structure, some of the possibilities, as well as some of the difficulties, of MBE and AES 
processes was highlighted. The MBE grown structure, consisting of three QW of Si0,8Ge0,2 
separated by thicker Si layers, was built at Linköpings University (LiU) and characterised at 
Chalmers University of Technology (CTH). The result of the characterisation was not the 
expected since almost no Ge content could be discovered but an extended characterisation 
may give another result. 

During this work a lot of people have been very helpful in the exploration of MBE and 
its capabilities. The whole department of material physics at Kau has been helpful but special 
thanks must be directed to Prof. Kjell Magnusson and Dr. Hanmin Zang for their theoretical 
and practical help in understanding the MBE process. I am also very grateful for the 
demonstration carried out by Dr. Anders Elving at LiU of the MBE system at LiU. 
Concerning the experimental part, Prof. Janusz Kanski and Dr. Lars Ilver at Chalmers, sent 
out a helping hand when our own AES system broke down in a critical moment. 
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