2D-confined carrier systems have given access to the exploration of
manifold quantum effects in fundamental research and also led to
numerous device concepts for commercial electronic applications.
Additionally, the possibility to control the 2D carrier density via gate
voltages through the electric field-effect offers a great advantage of
external manipulation of the system. With the optimization of litho-
graphy on a nanometre scale, gated 2D systems in semiconductor he-
terostructures are currently intensively studied as platforms for few
to single-carrier devices. In this context, a precise control of the hete-
rostructure layout including the doping, as well as an understanding
of charge reconfiguration effects within the device, are important
challenges. This thesis, addresses the heterostructure optimization
and focuses on a precise field-effect control of Schottky top-gated
modulation doped Si/SiGe heterostructures. For the optimization
of the heterostructure design, several parameters which affect the
strain, the band offset and the doping degree in Si/SiGe two-dimensi-
onal electron systems are precisely studied. In parallel, the field-effect
influence on Si/SiGe heterostructures is used to identify the origin of
disorder and possible sources of charge noise. In this connection,
finally a modified charge transfer model including a polarizability of
neutral phosphorous atoms inside the doping layer is developed.
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1 Introduction

In recent decades, semiconductor devices have more and more changed our world.
Computer processors and flash memories are only two examples for the rapid
progress in microelectronics which affects today’s life. The development started
in 1947 with the discovery of the first transistor made of germanium (Ge) which
formed the technological basis for the very first integrated circuits. Since that
time especially the category of gated semiconductor devices received considerable
attention. Only a few years after the realization of the first silicon (Si) based tran-
sistor in 1954, the Si metal-oxide-semiconductor field-effect transistor (MOSFET)
was demonstrated at Bell labs. This type of device exploits the field-effect to
confine the motion of electrons in a plane at the Si/SiOs interface which leads to
the formation of a so-called two-dimensional electron system (2DES). In the late
70s the evolution of the molecular beam epitaxy (MBE) growth technique and the
invention of the modulation doping concept by Stormer et al. |1] resulted in a new
transistor type in which distinctly higher mobilities could be reached. The high
electron mobility transistor (HEMT) makes use of an undoped channel, created
by a heterojunction of two materials with different band gaps and a separated
n-type donor supply layer which provides electrons for the 2DES.

Moreover, two-dimensional electron systems entailed extensive research on con-
finement effects and low-dimensional physics which in 1980 resulted in the dis-
covery of the integer quantum Hall effect (IQHE) by Klaus von Klitzing [2]. In
his measurements on a high quality 4-terminal Si-MOSFET, for which he re-
ceived the Nobel Prize in 1985, von Klitzing discovered that at low temperatures
and high magnetic fields the transversal resistance shows plateaus while the lon-
gitudinal resistance simultaneously exhibits minima. Interestingly the plateau
value is completely independent from the sample properties and only depends
on fundamental physical constants. As a result, the Hall resistance is given by
Ry = Rk /v = h/ve* = 25812,8Q /v, with the filling factor v and the von Klitzing
constant Ry which since that time is also used as standard resistor.

While the quantum Hall effect is bound to a two-dimensional system, a further
reduction of the degree of freedom of the electron motion to 1D channels resulted
in a new research field. In this context especially electrostatically defined quantum
dots (QDs), which can be created by applying a voltage bias to several split gates
on top of the surface of a 2DES, attracted great attention. Very first reports of
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periodic oscillations in the conductance of quantum dots came up from the exper-
iments of Meirav et al. and Field et al. [3, 4]. The increasing experience finally
made it possible to control and isolate single electrons in electrostatically defined
QDs. In fact, such single-electron devices are envisioned in quantum information
processing (QIP). In this regard, Loss and Di Vincenzo originally suggested to use
the spin states of coupled single-electron quantum dots for quantum computation
[5]. Indeed, a successful implementation of quantum computing requires a series
of coherent manipulations of specific pairs of qubits. Consequently, electron spins
seem to be ideal candidates for qubits since they interact only weakly with their
environment and thus are very robust against decoherence.

In the past few years, especially the ITI-V material system of GaAs semiconductors
saw a lot of progress regarding quantum dot devices. However, in ITI-V materials
the hyperfine interaction distinctly limits the coherence times [6] which affirms the
need to explore different material systems in order to circumvent this drawback.
Using Si and Ge as host materials drastically reduces the hyperfine interaction
because only about 4,7% of natural Si and approximately 7,.8% of Ge carry a
nuclear spin |7, 8]. Recently, double quantum dot (DQD) systems have been
realized in a Si/SiGe heterostructure as illustrated in the work of Wild and Shaji
et al. |9, 10]. Since there is also the possibility to use the nuclear spin-less isotopes
28Gi and "™Ge, the hyperfine interaction can be almost completely suppressed.
First experiments on an electrostatically defined DQD in a 28Si/SiGe 2DES have
already been performed [11]. Although less hyperfine interaction was achieved,
a loss of information is still possible by unwanted charge noise [12, 6. As a
potential source for these detrimental effects, a charging and/or discharging of the
phosphorous doping layer between the 2DES and the sample surface was supposed
|13]. In fact, similar charge reconfiguration effects were also observed in gated
AlGaAs/GaAs heterostructures and attributed to charging events in the doping
layer or deep impurities [14, 15]. However, since the doping layer is compulsory to
form a two-dimensional electron system, feasible solutions have to be developed.

In contrast to Si MOSFETs in which the field effect is well understood, a precise
controllability of Schottky gated Si/SiGe heterostructures lags behind. Neverthe-
less the Si/SiGe material system offers the possibility to precisely tune the band
structure and the material composition by a selected epitaxial growth of Si and
Ge. Consequently, the heterointerface between Si and SiGe can be grown with
atomic precision compared to e.g. Si MOSFETs so that higher mobilities can
be achieved. The aim of this thesis is to develop a high mobility and low density
Schottky top-gated Si/SiGe 2DES in order to realize a suitable platform for future
high quality quantum dot devices. In the scope of our analysis, the field-effect in-
fluence between gate and 2DES is explicitly and systematically studied since this
strategy allows us to identify eventual drawbacks in the current heterostructure
design.

The thesis is organized as follows:



Chapter 2 presents the fundamental background regarding the peculiarities
of Si/SiGe material system, the formation of a 2DES in this host system,
the challenge of gating Si/SiGe heterostructures and the current state of the
art.

Chapter 3 introduces the experimental methods and set-ups as well as the
corresponding specific measurement strategies which build the basis for all
conducted experiments in this work.

Chapter 4 presents the efforts which were made to optimize the current
heterostructure design, in order to realize a high quality 2DES. In the scope
of this analysis, different XRD and magnetotransport based overview wafer
maps were developed which allow us to extract important parameters, e.g.
the effective Ge content or the degree of relaxation of each sample on the
wafer.

Chapter 5 precisely focuses on the field effect controllability of Schottky
gated Si/SiGe heterostructures. The study yields a charge reconfiguration
model which allows us to understand the observed hysteresis and disorder
effects, as well as the strong connection of the phosphorous doping degree
and the capacitive coupling between gate and 2DES. Additionally, we deduce
a quantitative method which enables to make statements about the dielectric
constants of MBE grown Si and Ge.

Chapter 6 explores the origin of detrimental leakage currents in Schottky
gated Si/SiGe heterostructures. In this connection, we moreover demon-
strate the validity and applicability of several leakage current models which
are based on a triangular barrier and finally extract important parameters
e.g. the Schottky barrier height and/or the energy level of trap states.

Chapter 7 finally summarizes all results and gives a brief outlook on future
perspectives and feasible solutions.






2 Theoretical background

In this chapter, the main focus lies on the theoretical concepts behind the devel-
opment of two-dimensional electron systems in a Si/SiGe host material system.
First of all, important bulk properties of silicon (Si) and germanium (Ge) are dealt
with before the formation of a 2DES in this material environment is explained. In
a next step, the two main growth methods of so called virtual substrates, which
are an essential building block for two-dimensional electron systems, are covered
and compared. Then, the theoretical basics of magnetotansport measurements
are discussed. Finally, the general way of gating as well as the theory behind the
field-effect control in our heterostructures are introduced.

2.1 Material properties of Si and Ge

Si and Ge are both members of group IV elements in the periodic table and crys-
tallize in the diamond lattice. The lattice constant of silicon is ag; = 0.54310 nm,
whereas Ge has a slightly larger lattice constant of ag. = 0.56575 nm. From this
follows that the lattice mismatch between both materials, which can be calculated
with

f= agi; — AGe (2.1)

as;

is about 4.2 % [16]. Figure 2.1 shows the band structures of Si and Ge respectively.
The band gap minimum of Si at room temperature lies close to the A-point and
amounts to 1.11 eV. For bulk Si, this conduction band minimum is six-fold
degenerate and therefore called Ag minimum. The Ge band gap minimum of
0.66 eV for comparison can be found at the four-fold degenerate L4-point of the
first Brillouin zone. At the A-point, Ge exhibits a band gap of 0.85 eV [17].
Both materials are indirect semiconductors and completely miscible. The resulting
Si;_.Ge, alloys can easily be varied in interesting parameters like lattice constant,
band structure or effective g-factor by continuously changing the Ge content x.
For x < 85 %, the conduction band minimum in relaxed Si;_,Ge, is A-like as in
Si. With a Ge content higher than 85 %, the minimum gets Ge-like. Concerning
low Ge concentrations, it is possible to use a linear interpolation according to
Vegard’s law in order to estimate the Si;_,Ge, lattice constant:

ASiy_,Ge, = ASi T (aGe - aSi) "X (22)
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Using a parabolic interpolation leads to a more accurate description [18].

asi,_.Ge, [nM] = ag;[nm] 4+ 0.01992 - 2[nm] + 0.002733 - 2*[nm] (2.3)

Epitaxial growth of lattice mismatched Si;_,Ge, layers with different Ge content
on top of each other results in strain and therefore leads to modifications in the
band structure.

Ge

Si Enﬁrgy T=300K N T=300K
Eg =112eV Eg =0,66eV
Br=4.2¢V \/ Er, =322V
Ep=34eV _/ Ep=0.8¢V
Eg=0.044cV E0.29¢V
B b E, =12eV E, =12¢V
2 By E, I Ep AE =0,85¢V
<100>"x)  Fe , = <100> IAE B fE <>
Ee I heavy holes Eso : / - heavy holes
! light holes / \ light holes
split-off band split-off band

Figure 2.1: Band structure diagrams of Si and Ge respectively. The conduc-
tion band minima for Si (A-point) and Ge (Ly-point) are shown. Additionally,
the lowest energy gaps and several other energy minima are illustrated for room
temperature conditions.

2.2 2DES in a Si/SiGe material system

In 1985, Abstreiter and coworkers were the first to realize a 2DES at a Si/SiGe
interface in a selectively doped Si/Sig5Gegs superlattice which was grown on a
uniformly relaxed Si/Sigo5Geg 75 buffer layer [18]. They explained their findings
by strain induced modifications of the conduction band which cause electron con-
finement in the Si layer. Indeed, if Si is pseudomorphically grown onto a material
with larger lattice constant like Si;_,Ge,, it is subject to tensile strain until a
critical thickness is reached and plastic relaxation sets in. As a result of this ten-
sile strain, the six-fold degenerate conduction band minimum of Si (Ag minimum)
is lifted due to the broken symmetry in the Brillouin zone [19]. Consequently,
an energetically lower lying two-fold degenerate band minimum (A, valley) in
growth direction and an energetically higher lying four-fold conduction band min-
imum (A, valley) perpendicular to the growth direction form (see figure 2.2a,b).
Therefore, tensile strain in the Si layer causes a type-11 band offset which depends
mainly on the Ge content = of the Si;_,Ge, layer. If we now sandwich a Si layer
between two Si;_,Ge, layers, a quantum well (QW) develops. Introducing a mod-
ulation doping layer on top of the Si;_,(Ge, spacer layer results in a confinement
of electrons inside the QW [20]. The concept for modulation doping was first
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Figure 2.2: a) Lifting of the siz fold degenerate conduction band minimum into an
energetically higher lying Ay and an energetically lower lying Ao band. Addition-
ally, the surfaces of constant energy in the k-space are illustrated. b) Formation
of a type-II band offset if Si is pseudomorphically grown on a relaxed SiGe layer.
¢) Schematic drawing of a Schottky gated modulation-doped Si/SiGe heterostruc-
ture. The active region from Si cap to Si QW is in scale in contrast to the virtual
substrate (SiGe VS) which can be several um thick. d) Picture of the according
band structure profile (Ay conduction band) simulated with nextnano++. The
Fermi energy is set to zero in thermal equilibrium. Moreover, the occupation of
the lowest state in the QW is indicated.

introduced by Stormer et al. in 1978 for a GaAs/AlGaAs heterostructure [1]. Due
to the spatial separation of charge carriers from the ionized dopants by inserting a
spacer layer, scattering mechanisms like ionized impurity scattering are reduced.
Additionally, as a result of the anisotropy of the effective mass in tensile strained
Si, the transversal effective mass m; = 0.19-mq gets smaller [19]. Because of
these two reasons, higher mobilities according to y = em—:t can be reached in mod-

ulation doped Si/Si;_,Ge, heterostructures [21]. Here, 7, displays the transport
scattering time and e denotes the electron charge. In figure 2.2¢, a typical MBE
grown sample structure, which was used in this work as well as the corresponding
band structure profile (see figure 2.2d), is shown. Starting from the bottom, the
intrinsic Si wafer is overgrown with a so called virtual substrate (VS) to produce a
fully relaxed Si;_,Ge, buffer layer which provides the strain adjustment for the Si
channel. The concept of VS will be explained in detail in the next section. Then,
a 10 nm thick Si QW is sandwiched between the VS and a 15 nm SiGe spacer
layer. This sequence is followed by a 15 nm SiGe:P modulation-doping layer !.

!For the sake of completeness, it has to be mentioned that one sample which was investigated
during this thesis had only a 2 nm thick modulation-doping layer which we call "quasi §-
doped". Indeed, the doping strength was adjusted in a way to achieve approximately the
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Afterwards, the structure is capped with a 45 nm SiGe layer and a 5 to 10 nm Si
layer to protect the sample against oxidation. Finally, after several lithographical
steps (section 3.5), the Hall-bar patterned sample is covered with a Pd Schottky
top gate.

2.3 Virtual Substrates

To achieve higher mobilities in Si/Si;_,Ge, heterostructures, fully relaxed and
defect-free buffer layers are compulsory. Monocrystalline Si;_,Ge, wafers with a
Ge content of 25-35 % are not commercially available, thus they have to be grown
epitaxially on a Si substrate. These Si;_,Ge, are called virtual substrates (VS).
However, if we directly deposit Si;_,Ge, with a Ge content of 25-35 % on a Si
substrate, the SiGe is subject to compressible strain [22, 16]. After exceeding a
critical thickness h., which depends on the Ge content, the strain will relax by
forming crystal defects. In particular, threading dislocations will develop during
this plastic relaxation process. They pierce the whole sample structure up to
the surface and act detrimentally on the device performance. The density of
threading dislocations in such single-step buffers is 1.0 - 10°%cm~2 to 1.0- 10'tcm—2
[19, 23, 24].

In order to produce a high quality 2DES, the best VS would be as flat and defect
free as possible as well as completely free of any strain and thus fully relaxed. In
a realistic crystal the complete absence of built-in crystal defects is not feasible
but there are strategies to strongly reduce the amount of threading dislocations
piercing through the whole structure. Hence, a flat and defect free surface of VS
can be assured and higher mobilities in the two-dimensional electron systems are
reached. In the following, the two main concepts for the growth of efficient VS
will be presented. First of all, the graded buffer concept is introduced before the
so called low-temperature LT-Si VS is discussed.

2.3.1 Graded buffer

Beginning with an intrinsic Si substrate, a 200 nm thick Si buffer layer is grown
to guarantee an atomically flat surface. In a next step, a thick SiGe layer with
gradually increasing Ge content is deposited on top of the Si buffer. The deposition
itself starts with a Ge content of 5 % and is linearly increased until the wanted
Ge content is achieved. For our samples, a continuous grading rate of 8 %/um
was used [25]. Due to this small linear increase in the Ge content and the high
substrate temperatures of about T,—600°C, the built-in strain relaxes faster due to
very mobile threading dislocations, which bend to the side instead of moving to the

same doping degree as for the 15 nm thick doping layer.
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Si buffer
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Figure 2.3: Schematic drawing of a graded buffer VS growth process on a Si sub-
strate. The SiGe growth is started with a Ge content of 5% and linearly increased
with a grading rate of 8 %/um until the desired Ge content is reached. Finally,
the graded layer is overgrown with a 500 nm thick constant composition layer.
Adapted from [25].

top. A second important aspect is that for threading dislocations it is energetically
more favourable to move in a layer with constant Ge content than crossing it
[26, 27, 28]. Finally, the grading layer is overgrown with a 500 nm thick constant
composition layer. A short scheme of the whole grading concept is sketched in
figure 2.3. As a consequence of the aforementioned arguments, we deduce for the
graded buffer concept that the slower the grading the lower the defect density
on the VS surface. Additionally, the defect density is reduced by increasing the
thickness of the constant composition layer. However, this optimization leads to a
high material consumption which is needed for high quality buffers and enormous
time costs that are necessary to grow more than 3um thick buffer layers.

2.3.2 Low temperature Silicon

In contrast to the graded buffer concept, the low-temperature silicon (LT-Si) VS
is far less time and material consuming. For this method again a 200 nm thick Si
buffer layer is used to prepare a flat and defect free Si surface. Then, a 100 nm
thick Si layer is deposited at low substrate temperatures and at high growth rates
to introduce many point defects into this layer. The idea behind this concept is
that the built-in point defects will pin threading dislocations in SiGe with both
ends and twist them, preventing a piercing up to the surface [29, 30, 31]. On top of
this defect rich layer, a 500 nm thick constant composition layer with the desired
final Ge content is deposited. Figure 2.4 illustrates the whole growth procedure.
In comparison to the graded buffer concept, the LT-Si VS seems to be better suited
for larger sample series due to the above mentioned lower material consumption
[32, 33, 34]. However, the large concentration of easily diffusing point defects may
cause some disadvantages for future devices.
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Si;_, Ge,

200nm
Si buffer
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depth
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Figure 2.4: Sketch of the low-temperature silicon VS layer layout. The process
is started with a St buffer layer followed by a 100nm thick Si layer which is grown
at low substrate temperatures and high deposition rates to create point defects.
Finally, this layer is overgrown with a 500 nm thick SiGe constant composition
layer. Adapted from [25].

It is experimentally not clear up to now to what extent these point defects create
charge traps and therefore influence field-effect controlled devices.

2.4 Basic magnetotransport theory

The electrical characterization via magnetotransport experiments is done to obtain
information about the carrier density and mobility which are important physical
properties of our two-dimensional electron systems. The measurements were per-
formed by sending a current [ on the order of 10 to 50 nA through the Hall-bar
and simultaneously recording the transversal and longitudinal resistance (see sec-
tion 3.6.3). For cryogenic temperatures and low magnetic fields (B < 0.5T), the
classical Hall effect occurs while for higher magnetic fields the integer quantum
Hall effect (IQHE) is observed.

Starting at low magnetic fields, the perpendicular B field causes a Lorentz force
which redirects electrons perpendicular to I and B and thus leads to a Hall voltage
U,y [16]. The resulting Hall resistance

Pay = —7 = (2.4)

is linear in B, and the longitudinal resistance of the 2DES

U, W

e = 2.5
p 7T (2.5)

is constant |16, 35, 36|. Here, W denotes the width of the Hall-bar whereas L is
the distance between the Hall-bar terminals (see inset in figure 2.5). From the
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slope
9pay(B)
= 2.6
"B |, (2:6)
of the Hall resistance p,,(B), the carrier density
1
= 2.7
"= T (2.7)

with e being the elementary charge can be extracted. Furthermore, the mobility
p is determined by using the zero field resistance p,.(B = 0)

1

nle|pz.(B = 0)
6
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Figure 2.5: Longitudinal p,, (black curve) and Hall p,, (red curve) resistivity as a
function of magnetic field (B). The little inset shows the standard Hall-bar geom-
etry with the width W and length L. v displays the corresponding integer filling
factors of each plateau in the Hall curve and the minima in the longitudinal resis-
tance respectively.

For higher magnetic fields where w.7s > 1, the Landau quantisation leads to a
splitting of the continuous density of states into discrete energy levels, the so called
Landau levels. Here, w,. is the cyclotron resonance and 7, is the single particle
relaxation time which describes the lifetime of the quantum states [16, 35, 36].
Along with increasing magnetic fields, the degree of degeneration of the Landau
levels, and thus the carrier density of each Landau level

eB

. (2.9)

ny =
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as well as the distance between them

heB

m*

hw, = (2.10)

rises but the total carrier density is constant [35]. Here, m* denotes the effective
mass and A is the reduced Planck constant. When the highest occupied Landau
level gets completely depopulated, with rising B field, the Fermi energy jumps to
the next occupied level. Consequently, oscillations in the longitudinal resistance,
which are named Shubnikov-de Haas (SAH) oscillations, appear [35]. Figure 2.5
exemplarily shows a typical quantum Hall measurement from a sample which
was investigated during this thesis. At high enough fields, each minimum in p,,
is simultaneously accompanied by quantized plateaus in the Hall resistance p,,,.
The plateaus can be classified by the ratio

L (2.11)

In this equation, v is called filling factor. Therefore, in association with equation
2.4, the Hall resistivity assumes the following form [16, 35, 36|

h
Py = —5— (2.12)

e’v
Another important aspect is that by combining equation 2.9 and 2.11, the charge
carrier density can be calculated directly out of the SAH minima [16, 35, 36].

n=B-v- (2.13)

€
h

2.5 Concept of gating

In 1936, Nevill Mott first developed a theory for the correct direction of rectifica-
tion in metal semiconductor junctions [37, 38, 39]. Later on, Walter Schottky and
Eberhard Spenke extended this theory which finally resulted in the formation of
a Schottky barrier |40, 41|. Since that time, the deposition of metallic electrodes
on semiconductors attracted more and more attention. As a matter of fact, these
contacts led to a precise electrical control in several semiconductor devices. In the
following, the formation of a Schottky top gate and the basic concept behind it
are explained. Additionally, the direct application to the 2DES is introduced and
the latest state of the art is discussed. Moreover, the advantages and drawbacks
of this kind of gates are treated. Finally, the basic theory behind leakage current
mechanisms and the applicability to our system is introduced.
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2.5.1 Schottky contacts

In principle, one can distinguish between two types of metal semiconductor junc-
tions. There are on the one hand Schottky contacts, which are used as gates,
and on the other hand ohmic contacts. Schottky contacts are characterized by
an energetic barrier between the metal and the semiconductor which results in a
rectification of the electric current. Consequently, they are of great importance to
the successful operation of semiconductor devices. In contrast, for ohmic contacts
such a barrier does not exist. From this follows that a linear relation between
current and voltage occurs [35]. To understand the formation of a Schottky bar-
rier, we first consider a metallic electrode and a semiconductor separated from
each other. For the metal, the work function is defined as the energy which is
necessary to lift an electron from the metal Fermi energy Er,, to the vacuum level
Eoae 42, 43]:

D, = Eyoe — Erm (2.14)

Simultaneously, the semiconductor work function can be written as:
Qs = Eyac — Ers (2.15)
The electron affinity in the semiconductor is given by
Xs = Euae — E. = ®, — (B, — Ep,) (2.16)

The reference point in both systems is the vacuum level E, ... In the following,
we solely assume that ®,, > @, and that we have an n-type semiconductor. This
is comparable to the case of our gated Si/SiGe heterostructures. If now the semi-
conductor and the metal approach each other, the Fermi levels in the metal and
in the semiconductor have to align in thermodynamic equilibrium (see figure 2.6).
This is achieved by a charge transfer from the semiconductor to the metal. As
a result, electrons accumulate at the metal surface and a depletion zone in the
semiconductor develops. Consequently, the bands in the semiconductor bend up
and an energetic barrier 5 between metal and semiconductor is formed according
to:

b =P, — x5 (2.17)

If now a positive voltage is applied on the metal (forward bias), the depletion
zone in the semiconductor is reduced and therefore the barrier is lowered. For a
sufficient high voltage value, the barrier completely vanishes and a current can
flow. In contrast to that, by application of a negative bias to the metal (reverse
bias), the depletion zone in the semiconductor is enhanced and hence the barrier
height is increased [42, 43|. In practice however, the barrier does not only depend
on semiconductor and metal work functions but also on the properties of the
interface which have been deliberately neglected until now. Indeed we have to
take into account a small region between the metal and the semiconductor which
is known as the interface specific region (ISR).
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a) _.metal  semiconductor b)
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Figure 2.6: a) Semiconductor and metal are separated. The vacuum energy Ev,.
as well as the metal (Epy,) and semiconductor (Ers) Fermi energies are indicated
respectively. Moreover, both the metal work function ®,, and the semiconductor
electron affinity xs are illustrated. b) Shows the situation in which the metal and
the n-type semiconductor are in contact. The Fermi levels approach each other
and therefore electrons accumulate at the metal surface. As a consequence, the
bands are bent up. The resulting Schottky barrier is displayed as ®p.

This is the transitional region between the metal and the semiconductor where
the magnitude of the Schottky barrier height (SBH) is determined. A term called
Fermi level (FL) pinning has often been used in the past to describe the insen-
sitivity of the experimental SBH to the metal and semiconductor work functions
|44, 45]. Tt was shown that if the periodic structure of a crystal lattice is termi-
nated at the surface, a lot of defects and dangling bonds are created [46, 47, 48].
Consequently, there are many states localized on the surface which lie energeti-
cally inside the band gap £,. If the surface density of states is high, the Fermi
level is pinned inside these states ®g. This effect is described with the Bardeen
relation

% = F, — &g — AD (2.18)
in which ®g = 3B, [44]. A second negative influence on the SBH is based on the
image charge model, which is also known as Schottky effect, see figure 2.7 [49].
If an electron escapes from the metal, a positive image charge is created in the
metal having the same distance x from the surface. The potential energy in this
case is given by:

" Fd P M 2.19
Hw) _/ e /0047T60(2x)2 v 16meqr (2.19)

oo _
Here, ¢y denotes the vacuum permittivity. Including the external electric field F,

we attain: )

p(x) +eEx (2.20)

B 16megx
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As a result, the barrier gets smaller and the maximum lies at

—\/16\7/;%' (2.21)

By using this equation, the lowering of the barrier A® is calculated

Tm —

3k
A® = 2eFEzx,, = (2.22)
4dmege
with the semiconductor dielectric constant e.
0
Ad electrostatic b\image potential
B *_ potential -eEx e2/16TU g x
Doty ',-"' effective potential \’\\\
Epy J7 ‘
metal N

Figure 2.7: Schematical picture of the image charge model (Schottky effect). The
image potential energy and the energy due to the applied external electric field
E (electrostatic potential) which cause the lowering of the barrier height AP are
shown. Moreover, the resulting effective barrier height ®.¢r is llustrated.

2.5.2 Gating of 2DES

Over the past 20 years, metallic gates have become a powerful tool to electro-
statically manipulate both doped and undoped two-dimensional electron systems.
In particular, several groups reported high mobilities due to an effective Schottky
gating in different material systems [50, 51, 52, 53, 54]. Recently, special attention
was turned on gated modulation-doped heterostructures which form the basis for
several few electron devices, e.g. electrostatically defined quantum dots (QD). The
fact that changing the gate voltage not only influences the carrier density and the
mobility but can also induces charge reconfigurations between the 2DES and deep
traps or the doping layer has been scrutinized carefully [13, 15, 14| since these
effects negatively affect the performance of QD devices. In this context, Rossler
et al. studied hysteretic effects during a gate sweep regarding the carrier density
in Schottky top-gated GaAs/AlGaAs heterostructures [14]. They explained their
findings with charge redistributions in the d-doping layer during the depletion of
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the 2DES. Moreover, Burke et al. investigated the origin of gate hysteresis in
p-type Si-doped AlGaAs/GaAs heterostructures and stated that the hysteresis
becomes drastically worse if the gates are insulated. As a possible reason they
suggested additional trap states which form in the dielectric under high voltage
stress. Furthermore, Burke and coworkers demonstrated that the hysteresis in
Schottky gated samples is mainly caused by shallow traps in contrast to n-type
heterostructures which suffer from deep trapping DX centers [15]. Simultaneously,
Wild et al. proposed a model for gate induced hysteresis effects in a Si/SiGe 2DES
[13]. Similarly to Rossler et al., Wild and coworkers measured the 2DES density
and mobility as a function of gate voltage via magnetotransport experiments. Ad-
ditionally, they used self-consistent band structure simulations in a way that the
simulated 2DES density can be fitted to the experimentally recorded hysteresis
curve. As a result of this model, the corresponding occupation of the modula-
tion doping layer n, (if charge transfer is possible) as well as the 2DES density
nepges could be extracted simultaneously. In the following, we will focus on this
model since it introduces the fundamental principle for further gate dependent
measurements in this thesis.

Figure 2.8a shows a typical nopps versus Ugyp hysteresis curve. The curve is
divided into four key regions as suggested by Wild et al. [13]. Section I is called
linear regime due to the fact that with increasing gate voltage Upyp, the carrier
density of the 2DES noppg is linearly enhanced. Additionally, it is possible to
analytically calculate the capacitive coupling, in analogy to a simple capacitor
model, from the slope in the nopprg versus Uy p curve according to [35]

_ Onapps €0 (dsi dsice €0 OEp(n) eg 0By(n)\
OUxn e \€5; €gice €2 On €2 On

(2.23)

Here, d; are the thicknesses of the Si and the SiGe layers between the top gate
and the 2DES. ¢; are the dielectric constants of Si and SiGe respectively. The
third and the fourth term indicate the density of states in the 2DES and the
quantum capacitance. However, since the contributions of the last two terms to
Clp, are small, (on the order of 2%) these quantities are neglected in the following.
Furthermore, the pinch-off voltage U, is estimated by extending the linear regime
in negative gate voltage direction until the Uyp axis is intersected. Above a
positive threshold voltage Uy,, n(U) no longer behaves like a capacitor and a
so called saturation regime II is reached (see figure 2.8a). Wild et. al. stated
that when exceeding this threshold voltage, the energy level of the phosphorous
atoms Ep gets equal to the Fermi energy Er so that tunnelling from the 2DES
to the doping layer is possible, see figure 2.8¢ [13]. As a result, the occupation
of the doping layer density np increases as shown in figure 2.8b. When gradually
further increasing the gate bias, the conduction band minimum F¢p in the doping
layer reaches the Fermi level. Consequently, now charge reconfigurations are also
possible into the conduction band minimum of the doping layer before they relax
quickly into lower lying localized phosphorous states.
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Figure 2.8: a) 2DES density nopgrs during up- and down-sweep (indicated by
dark blue arrows) in dependence of the applied Hall-bar gate voltage Ugp. The
hysteresis loop is divided into four regions I-IV. The pinch-off voltage U, is esti-
mated by extending the linear regime to the point were nopps intersects the gate
voltage (Uyp) axis. b) shows the simulated carrier density np in the doping layer.
c) displays the according band structure profile for the configurations in sections
I-1V. Ecp 1s the energy of the conduction band Er denotes the Fermi energy and
Ep labels the phosphorous energy level. Adapted from [15]

Hence, the carrier density noppg saturates due to the fact that the delivered
electrons from the ohmic contacts immediately are transferred into the doping
layer. Moreover, the arising electrostatic potential in the doping layer entails a
screening of the gate induced electric field. When sweeping the gate voltage back
to the start value, noppg first decreases linearly due to an asymmetry in the charge
transfer rates. This circumstance becomes clearer when the influence of the electric
field is taken into consideration. As a matter of fact, the electric field which arises
due to the positive applied gate voltage is still present in the same direction and
is only lowered. This, in combination with the still occupied phosphorous states,
results in a linear decreasing slope since a tunnelling process into the doping layer
is furthermore possible (indicated in section IIT in figure 2.8a). This holds true
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until a threshold voltage is reached under which the lowest phosphorous level is
lifted above the Fermi level. Henceforth, the doping layer gets rapidly depleted
since now tunnelling events from the 2DES into the doping layer are impossible
(see region IV figure 2.8a,b). There are four important key characteristics in the
n(U) graph, namely the pinch-off voltage U,,, the capacitive coupling C,, = g—l’},
the saturation and the hysteretic behaviour due to charge reconfigurations from
the 2DES into the doping layer. However, this characteristics depend on several
parameters like the Schottky barrier height ® g, the dielectric constants of Si (eg;)
and Ge (eg.), layer thicknesses d; of Si and SiGe as well as the doping concentration
N. Consequently, Wild proposed three possible strategies to realize a convenient
fit to the experimental data points in the hysteresis curve|13|. In strategy one, he
assumed lower dielectric constants for Si and Ge than the literature values. Due
to the reduced dielectric constants the pinch-off voltage shifts to more negative
values which can only be compensated by reducing the Schottky barrier to 0.71eV.
Moreover, the nominal doping concentration N and the layer thicknesses d; of Si
and SiGe are kept constant. The corresponding dielectric constant of SiGe has
always been calculated in a first approximation by

€SiGe — (1 — x>€Sz’ + TEGe (224)

in which = denotes the Ge content. For the second strategy, the thicknesses d;
were postulated to be larger than the nominal values, the Schottky barrier height
was estimated to be 0.91eV and the doping concentration was considered to be
lower than the nominal doping degree. Furthermore, literature values were used
for the dielectric constants of Si and Ge. The third strategy leaves both the
dielectric constants and the layer thicknesses unaffected and takes the nominal
doping concentration as a fit parameter. Moreover, the Schottky barrier is said
to have a value of about 0.85e¢V. However, in this special case, a thin interfacial
layer with a dielectric length of d;/e; = 2.56nm has to be incorporated on top of
the Si capping layer in order to receive good fitting results.

In the end, Wild came to the conclusion that each strategy by itself is rather
unlikely since the deviations from literature values concerning the dielectric con-
stants of Si and Ge, drastic deviations in the layer thicknesses and/or deviations
in the doping concentration N are very unrealistic. Instead a combination of all
strategies seems to be more likely which mitigates the necessity of some extremal
fit parameters. Consequently, for simplicity of the modelling, Wild chose strategy
three in which all uncertainties in the parameter selection were absorbed in the
interfacial layer.

2.5.3 Basic leakage current mechanisms

The performance of various electronic devices especially field-effect transistors is
restricted due to inherent leakage currents |55, 56]. Therefore in the past few years
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Figure 2.9: Schematical drawing of several leakage current mechanisms in
metal semiconductor junctions under forward bias: Jpy = Fowler-Nordheim
tunnelling,Jpr = field emission, Jrrprp = thermionic field emission, Jrgp =
thermionic emission, Jrar = trap-assisted tunnelling, Jpr = Pool-Frenkel emis-
ston. Additionally, a trap state is indicated by a black open circle, V' denotes the
applied gate voltage, & is the difference between the Ferma level of the semiconduc-
tor Ers and the conduction band edge Ec.

heroic efforts have been made to reduce the influence and to identify the origin
of leakage [57, 58, 59]. Several attempts with high k-dielectrics like Al,O3 and
HfO, were tested in metal insulator semiconductor field-effect transistors (MIS-
FET) in order to decrease leakage currents [60, 61, 62, 63, 64]. As a first con-
sequence, the leakage currents were reduced and high voltages could be applied
to the gates. However, this progress was accompanied by the formation of many
trap states and voltage stress effects in the dielectric which hamper the field effect
control in most electrical devices [65, 66, 67, 68]. Indeed, one has to find a compro-
mise in using gate dielectrics or direct deposited Schottky gates depending on the
respective application. In the following, basic leakage current mechanisms which
were developed for metal semiconductor junctions by assuming a triangular bar-
rier and might be relevant in our Si/SiGe heterostructures are briefly presented,
see figure 2.9.

Field emission

This model, which was developed by Padovani and Stratton, describes the tun-
nelling of charge carriers through Schottky barriers only due to the influence of
the applied electric field. Corrections of the Schottky barrier height according to
the Schottky effect (see section 2.5.1) are neglected in this approach and therefore
a simple triangular barrier is taken into account [69, 70, 49]. Consequently, the
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current density for the tunnelling process from the semiconductor to the metal is
given by
2q [
7= [0 - R(BNE [ PE.py.p.)dnyds. (2.25)
0 0

in which ¢ is the elementary charge, E describes the electron energy, fi(E) and
f2(E) are the Fermi-Dirac distributions in two conducting regions. Furthermore,
py and p, correspond to the components of the electron momentum perpendicu-
lar to the current flow and P(E,p,,p.) the transition probability. According to
the Wentzel-Kramers-Brillouin (WKB) approximation and in connection with a
parabolic energy-momentum relation, the current density can be written as

dTtm*q
J = e

/0 "R (E) - fuE)dE / P(E.)dE, (2.26)

with

* Z2
InP(E,) = — 22" / (@ — E,)*dx (2.27)
h o
in which ®(x) is the potential barrier energy, E, = 27;%* is the electron energy in
x direction and m* is the effective electron mass. Performing a Taylor expansion
for equation 2.27 and neglecting higher order terms results in a new expression
for the current density:

7 A*T?exp(—by) wekpT
~ (c1kgT)?  sin(meikgT)

[1 — exp(—ci1qV)] (2.28)

2
drm* gkg

Here, V is the applied gate voltage, A* = e is the Richardson constant
|71] and by as well as ¢; are the first components of the Taylor expansion. If we
assume tunnelling through a Schottky barrier, the exact formulas can be written
as by = q@EB—(;V) and ¢ = W. The factor & = EF%qEC displays the
difference between the Fermi level energy and the conduction band energy. FEyg

represents an energy which is given by

h [ N
B = 5\ 7
mreg

(2.29)

in which N is the number of charge carriers and eg is the dielectric constant
of the semiconductor. Additionally, there is a further condition for the WKB
approximation, which limits the gate voltage V', so that £ does not become equal

to &5 and therefore
cikgT < 1 (2.30)

has to be valid. In the range of large biases ¢;V > 1, the final leakage current
density is described by [43]

A*Trexp[—q(®p — V) /Eyo)

c1kpsin(me kpT)

Jrp = [1 — exp(—c1qV)] (2.31)
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Thermionic-field emission

In this model, electrons are assumed to tunnel from an energy level E,, which lies
above the Fermi level but still lower than the barrier height |72, 70]. Consequently,
the effective barrier is lower and therefore thermionic field emission occurs for fields
below the field emission limit. Starting from V-I relationship, the current density
can be expressed as |72, 73, 74|

A* E,, 3
= Skt &P (;é_fT = b = k:B_T) (flm) X [L+erf(Bnfy?)]  (232)

in which b,,, ¢,, and f,, are components of a Taylor expansion for the exponent of
transparency of the barrier around a particular energy FE,, which satisfies equa-
tion

emkpT =1 (2.33)

Moreover, er f(E,, t 2) is an error function which is set equal to 1. Furthermore,
one has to take into account that these results are only valid in a certain temper-
ature range.

cikpT > 1 (2.34)
Additionally, the components of the Taylor expansion are calculated to:

1 EoEnm
b = —— [(@®5 — qV +q€)2 (q®p — qV + g€ — Ep)7 — = (2.35)

Eoo kT

1 by —qV 3 Op—qV _E )z
R UL +q5>2+(c{ 5 —qV +q€ — E,) (2,36
Eoo EL?
h?(Ego/kpT

o = S0 o/ T (2.37)

 4Egq(Pp -V +£)
The energy FE,, can then be evaluated by combining equations 2.33 and 2.36.
_ (P -V +¢)

COShz(Eoo/k}BT)

Employing b,,, ¢,, and f,, to equation 2.32, one can deduce that the current-
voltage characteristic is mainly dominated by the exponential factor. As a result,

(2.38)

we get
b, M) g2 > 2.39
() =a" (2.30)
in which Ej is given by
EO = EOO COth(Eoo/kBT). (240)

Analogous to the field emission model, the current density is expressed as a prod-
uct of a saturation current and a voltage dependent term which results in the final
thermionic field emission equation:

_ A T[nEwq(®p =V +&)]'? ¢ _ 9(®p+¢) Vv
Jrre = e o (B k) L@T Ky } =P <f> (241)

0
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Thermionic Emission

The thermionic emission theory by Bethe [75] is derived from three assumptions:
Firstly, kg1 is smaller than the barrier height ®g, secondly the thermal equi-
librium is established at the plane that determines the emission, and thirdly the
existence of a net current flow does not affect the equilibrium between the metal
and the semiconductor [43]. Due to this hypotheses, the shape of the barrier pro-
file depends solely on the barrier height. Therefore, the current density from the
semiconductor to the metal is determined by the concentration of electrons with
sufficient high energies to overcome the barrier in z-direction:

o

Js—om :/ quzdn (2.42)
Epn+q®p

Here, Er, + q®p is the minimum energy required for thermionic emission and

v, denotes the carrier velocity in transport direction. The electron density in an
increasing energy range is given by [43]
4 (2m*)3/? E-E
dn = N(E)F(E)dE =~ 7T(+)\/E — Ecexp (—%) dE  (2.43)
B

in which N(F) and F(FE) are the density of states and the distribution function
respectively. Assuming that the energy of the electrons in the conduction band is
purely kinetic

1
E—FEc= §m*v2 (2.44)

%\ 3 *,,2
dn ~ 2 (%) exp (é—%) exp <_;7<:BUT) 4o dv (2.45)

If the splitting of the velocity in its components is taken into account, we obtain:
J =2q (%*)3@([) (é—%) /v: Uz €XP (_;7;*:%) dvu,
/_Z exp (_;7;;@3) dv, /_Z exp (—;ZZJ%) dv,
_ 47rqn;;k]23T2 o ( ki_gT ) o (_szgé) (2.46)

in which vy, is the minimum velocity in z-direction to overcome the Schottky
barrier given by

leads to

1
3 V0, = 4(Whi = V) (2:47)

with Uy, = @ + £ being the built in potential. Finally, after inserting equation
2.47in 2.46, the current density for the thermionic emission model results in [43]:

dp -V
Jrg = A*T? exp (—%) (2.48)
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Trap assisted tunnelling

Trap assisted tunnelling is a two step charge transport mechanism which is usually
used in metal insulator semiconductor (MIS) structures [66, 76|. In this model, a
tunnelling process from one trap state into another or into a trap followed by a
direct tunnelling through the barrier is assumed. In fact, trap states can be formed
from impurity atoms, crystal defects or interface roughness. The tunnelling rates
during this two-step procedure are therefore expressed as |77, 78§]:

Ry =CiN(1— f)P (2.49)

R2 = CQNtfPQ (250)

in which C} and C, are slowly varying functions of electron energy, N, is the
concentration of the involved traps, f is the occupation probability and P; as well
as P, are the tunnelling probabilities calculated from the WKB approximation.
Additionally, the tunnelling probabilities can be evaluated as follows:

P = exp (—2 /O N k(x)dx) (2.51)

P, = exp (—2 / k(x)d:c) (2.52)

with

k() = \/ Qm*(qq);;) — E) (2.53)

being the propagation constant. In the steady state case, the electron concentra-

tion in the traps is constant. As a result, the trap assisted tunnelling rate adopts
the following form:

C:N:P, P,
R = ————— 2.54
' P+ P (2:54)
Furthermore, the tunnelling current is given by |79
qCN P P
J=[| —/————dx 2.55
/ P+ Py (2.55)

If the Schottky effect (see section 2.5.1) is neglected, the tunnelling probabilities
are expressed as |78]:

4<2qm*)1/2

P, = exp (— ShE (0%%(z) — cpf”)) (2.56)

4(2 *\1/2
Py = exp (—%@3/2@)) (2.57)



24 Theoretical background

Here, F' displays the external electric field and ®; is the trap energy level. Finally,
the current density is described by [79]

QQCtNt (_4\/ 2m*®t)

J = 2.58
TAT 3A\/3t €Xp 3th ( )

in which Cy = (mg;/m.)*2(8E)/3h(q®p.;1)"/2) [80], E; is the total energy of
an electron and A = 4v/2m*/3h. Here, the factor (mg;/m,) describes the ratio
between the electron masses of different materials through which the tunnelling
takes place. In case that no dielectric has been used between top gate and the
heterostructure, this factor simplifies to 1.

Poole-Frenkel emission

Similarly to the trap-assisted tunnelling model, Pool-Frenkel emission depicts a
carrier transport mechanism which exhibits two parts. Firstly, electrons are al-
lowed to tunnel into trap states and secondly because of the high thermal energy
hop into the conduction band and over the barrier. Additionally, it is possible
that electrons reach energetically higher lying trap states followed by a tunnelling
process through the barrier. This means that the effective barrier height is re-
duced in this case. The simplified formula for the current density is defined as
|76, 81, 82|

B g2
Jpr x Eozexp | — 5 = BerEg, (2.59)
kgT
in which Eo, = (Vg —Vrg/to.) is the electric field that accounts for the difference
of the applied gate voltage Vi and the flat band voltage Vpg. Moreover, Bprp =

\Vq/4meo K with K being the high frequency dielectric constant.

Fowler-Nordheim tunnelling

Fowler-Nordheim tunnelling describes a charge carrier tunnelling process through
a triangular barrier in presence of a strong electric field usually in the order of
107X [76, 83]. Since in our case we do not achieve electric fields in this order of
magnitude, this leakage current model can be excluded. For the sake of complete-
ness the simplified formula for the current density which was derived by Fowler
and Nordheim is given by [83]:

2 8 2m*qd?
. <_ﬂ_ WM) (2.60)

8Thdp 3hF

JFN =

Here, & stands for the barrier height and F' is the external electric field.
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The fabrication as well as the analysis of high quality Si/SiGe heterostructures is
very crucial since they build the basic platform for several devices. In the following,
the machines and measurement methods used in this context are presented.

3.1 Molecular Beam Epitaxy

Molecular beam epitaxy (MBE) is a technique which is based on epitaxial growth
of atomic layers by condensation of different molecular or atomic beams on the
surface of heated Si substrates. Using MBE; it is possible to fabricate high quality
interfaces so that most of the mobility limiting mechanisms like interface roughness
scattering on defects or impurities can be minimized [84, 85]|.

All samples investigated during this thesis were grown unrotated in a Riber SIVA-
32 MBE machine. Its design and cell geometry is shown schematically in figure 3.1.
Additionally, the MBE is equipped with a power driven heating in order to adjust
the substrate temperature during growth. Furthermore, a thermo couple is used
as a measurement system to check the substrate temperature during the growth
process [86]. The base pressure in the growth chamber is roughly 7,0- 107" mbar
and can be further reduced by cooling the growth chamber walls with liquid ni-
trogen (INy). The MBE chamber was opened only once at the beginning of this
thesis. From this follows that all samples have been grown under equal pressure
conditions. The layers were deposited on (001) oriented, nominally intrinsic Si
substrates (n-doping, > 1500{2cm) with a nominal thickness of 425 + 75um.

The most important sources are two electron beam evaporators for silicon (Si)
and germanium (Ge) which are located directly beneath the wafer in the center
of the main growth chamber [25]. Both sources are calibrated with reflection high
energy electron diffraction (RHEED) during the growth of several mono layers
(ML) for three different flux rates. The flux rate of the electron beams is always
controlled and readjusted by Electron Impact Emission Spectroscopy (EIES) while
the growth process takes place. Moreover, effusion cells for isotopically pure °Ge
and Ge as well as 28Si are part of the system.

Additionally, there are three cells for doping: A boron (B) cell which is used for
p-type doping, a GaP cell to realize the n-type doping with phosphorous (P) and

25
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Figure 3.1: Picture and sketch of the Riber Shiva-32 MBE and the according cell
geometrie. Adapted from [86] [25]

a manganese (Mn) source which could also be used for p-type doping as well
as for magnetic doping or alloying [87, 88|. In this work the main focus lies on
the fabrication of two-dimensional electron systems (2DES) so that we restrict
ourselves to the temperature controlled GaP cell which is located approximately
opposite to the RHEED gun. The calibration of the GaP cell is performed and
regularly checked by Secondary Ion Mass Spectrometry (SIMS) (see section 3.2).
Typical temperatures for n-type doping with the GaP cell lie around 650°C.

All wafer surfaces were well defined by a wet chemical oxide according to [86] in
order to avoid contaminations prior to loading them into the MBE. Finally the
oxide is thermally desorbed at 7' > 750°C in the growth chamber directly before
the first growth step. The surface quality is monitored in-situ by RHEED during
the hole growth process.

3.2 Secondary lon Mass Spectrometry

As already mentioned above, SIMS was used to quantify the effective Ge content,
the layer thicknesses and the specific dopant concentration in Si/SiGe heterostruc-
tures. A simple sketch of the SIMS functionality is given in figure 3.2.
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Figure 3.2: Schematical drawing of the functional principle of the SIMS analysis
method. Adapted from [89]

The concept of SIMS is a destructive sputtering process of the sample by means of
primary ions with energies between 1keV and 30keV and a simultaneous mass spec-
trometry of the sputtered sample particles (secondary ions). In order to achieve
a high depth resolution, a progressive sputtering of the sample surface is neces-
sary. An exact calibration of the depth profile is carried out with the help of a
profilometer.

Depending on the desired analysis, C'st or O?* are used as primary beam and
at the same time positive or negative ion detection are selected on the detector
side. For the quantification of the Ge content x in our samples a low energy of
about 3keV of the incoming Cs™ ions is most adequate. However, this so-called
MC's™ technique suffers from a less precise quantification of the phosphorous (P)
due to a low mass resolution. In order to get precise informations about the
depth-resolved doping profiles, e.g. the P content, a high mass resolution SIMS
measurement is necessary. The analysis conditions are then switched to a high
impact energy (12keV) of primary C's* ions. The thicknesses of the doping layers
have to be at least 50 nm for this analysis because these conditions induce a low
depth resolution.

In order to be able to quantify the mass spectrometry results, a standard is in-
vestigated in the same run under the same measuring conditions. Ideal results
can be achieved by using different standards with a wide range of impurity con-
centrations as well as Ge contents from 19% to 35%. The investigated SIMS
samples in this thesis were all cut out of the wafer center in order to calibrate our
MBE sources. All measurements were conducted at PROBION (www.probion.fr,
Bagneux, France).
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3.3 X-ray Diffraction Analysis

High resolution X-ray measurements were performed on a three axis Philips X’Pert
XRD. The samples were glued on a sample holder and attached to an Euler cradle
prior to an irradiation with Cuk,, radiation with a wavelength A = 1.54056 A .

[
detector monochromator
Ge 220

. micrometer screw

goniometer slit/v ——

Figure 3.3: Picture of the Philips X Pert XRD and its working principle.

The X-ray tube is fixed inside the machine and the Euler cradle as well as the
detector are mounted on a goniometer, see figure 3.3. Both arms can be moved
independently to control the angle w, which is defined by the incident beam k;,.
and the sample surface, as well as the angle 20, which is defined by the diffracted
beam kq;rr and the incident beam k., see figure 3.4a. A precise positioning of
the sample is achieved by moving the x and y axes automatically via X’Pert Data
Collector (measuring program) with an accuracy of 0.1 mm. The adjustment in
z direction has to be conducted mechanically by hand with a micrometer screw.
Moreover, it is possible to rotate the sample around the angle ¢ with an accu-
racy of 0.1° and to tilt the x-y-plane by the angle ¥ with 0.01° precision. This
high exactness is very important to precisely adjust the samples for the following
measurements which were executed in the receiving slit mode .

'In the receiving slit mode a slit is used in front of the detector as attenuator and filter for the
diffracted X-rays.
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3.3.1 Reciprocal space mapping

X-ray diffraction experiments help us to get important information about the exact
material compositions and the degree of relaxation of epitaxially grown layers. In
this context, two different types of reflexes are investigated. From symmetric
reflexes, where w = O, the out-of-plane lattice constant a; (perpendicular to the
sample surface) can be determined, whereas asymmetric reflexes, where w # ©,
deliver information on both the out-of-plane a, and the in-plane lattice constant
a) (parallel to the sample surface). Figure 3.4a exemplarily shows the scattering
geometry of a diffraction spectrum for an asymmetric reflex. The Bragg condition
h = kagify — kine = G is fulfilled if the diffraction vector h is equal to a reciprocal
lattice vector G. If multiple w/20 scans are performed consecutively for variable
w positions, a selected area in the reciprocal space is recorded which is also called
reciprocal space map (RSM).

a) [0?1] b) [001] [hk]]

® Si
e ® SiGe,

8 ® .
n ® SiGe,,
,:_| [ SiGep

. g
Si substrate
4 [110]
hH~ l/aH

Figure 3.4: a) Sketch of a coplanar scatlering geometry in real space for an
asymmetric reflex with w # ©. The SiGe layer and the St substrate as well
as the in-plane and out-of-plane lattice constants are indicated. b) Schematic
representation of the correlation between distances in reciprocal space and the in-
plane (a)) and out-of-plane (ay ) lattice constants for a pseudomorphic (SiGe,,
red circle), a partly relazed (SiGey,, orange circle) and a fully relaxed (SiGe,,
green circle) SiGe layer grown on an undistorted Si substrate (blue circle). The
light grey area represents an asymmetric RSM. It is clearly visible that the more
the SiGe layer is relazed the more it approaches the [hkl] azxis connecting the origin
and the Si substrate peak.

Figure 3.4b shows a sketch of an asymmetric RSM (see grey highlighted area)
of different SiGe layers which were grown pseudomorphically, partly relaxed or
fully relaxed on an undistorted Si substrate. In fact, quantitative information on
the degree of relaxation can be immediately achieved by looking at the position
of SiGe layer peak relative to the position of the Si substrate peak. The more
the SiGe layers are relaxed the more they approach the [hkl| axis which connects
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the origin and the undistorted Si substrate peak. Simultaneously, it is possible
to make statements about the (Ge content x in the Si;_,Ge, layer since from the
position of the SiGe layer peak in reciprocal space we can directly draw inferences
on the lattice constants from which x can be easily calculated.

However, for a correct evaluation of the degree of relaxation and material composi-
tion it is necessary to record an additional symmetric RSM because under certain
circumstances it is possible that the lattice planes of the Si substrate and those
of the epitaxial layers are tilted against each other. Indeed, such a tilt may arise
e.g. due to a small miscut of the Si substrate. As a result, the SiGGe layer peak
lies not parallel to the Si substrate peak in the symmetric RSM. If this tilt is not
taken into account and corrected this would lead to a defective evaluation of the
degree of relaxation and the material composition. Therefore, in accordance with
[90, 91], the (004) (symmetric) and (224) (asymmetric) reciprocal lattice points
(RELPs), which exhibit the highest intensities in the Si/SiGe material system,
were recorded, each consisting of 180 w/20 scans at different w positions.

3.3.2 Evaluation of RSMs

The evaluation process has been developed by Koppensteiner and Bauer. It is
shortly summarized below. For more details see [90, 91, 92].

At the beginning of every RSM, the angles w and 20 at which Si and SiGe have
their maximum intensity are determined for the (224) and (004) respectively in
a procedure according to Sailer [92, 25]. Second, the theoretical angles of the
Si substrate are evaluated by using geometrical considerations and the literature
lattice constant of Si

(3.1)

2T

. [ MWhR2E212\ 360°
Ositheo| ] = arcsin 5
agi

(3.2)

- h+k 360°
Qi theo|”] = arccos NN T
wSi,theo[O] =a—90° +0 (33)

with the Miller indices h,k,l, wavelength A\ and the angle of inclination ag; iheo
[90, 91]. In a next step, the offset of Si between measured and theoretical values
for both maps is calculated.

Aw = Wgitheo — WSimeas (34)

2@Si,meas

AO = @Si,theo - 9

(3.5)
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With the help of the specified offsets, the positions of both peaks, namely Si and
SiGe, in every RSM are corrected as follows:

WSi,cor = WSimeas + Aw (36)
20 i,meas
@Si,cor - ST7 + AO (37)
WSiGe,cor — WSiGe,meas + Aw (38)
2@ iGe,meas
@SiGe,cor = % + AO (39)

Consequently, the possible tilt between the Si and SiGe layer, which was already
mentioned above, and can be seen in the (004) RSM, has to be annihilated.

WSiGe,tilt — WSiGe,cor — @SiGe,cor (310)
All w values for the SiGe layer have to be corrected in this way.
WSiGe, final = WSiGe,cor — WSiGe,tilt (3.11)

Finally, all corrected angles are transformed into reciprocal space coordinates.

[l = % (cos(w) — cos(20 — w)) (3.12)

hy[rlu] = % (sin(w) + sin(20 — w)) (3.13)

where the diffraction vector h = h + h, is classified into components in growth
direction along the [001] axis given by A, (out-of-plane) and perpendicular to the
growth direction in [110] direction given by A (in-plane). Using equations 3.12
and 3.13, the in-plane and out-of-plane lattice constants are determined to

1 A
CLHZh—-§'\/h2+I{Z2 (314)
Il
N/ (3.15)

h, 2
Here, h, k and [ are the Miller indices of the corresponding RELPs.

The determination of the degree of relaxation and the Ge content is then done
iteratively. First of all, the in-plane lattice constant a| is extracted from the (224)
RSM and a Ge content of 50% is assumed. Then, a relaxed lattice constant a,cjqz
and the elastic constants of SiGe are counted from this Ge content. From this
values the out-of-plane lattice constant a; which would result if @, is forced to
a) is identified. After that, a, is compared to the average values of the measured
(004) and (224) out-of-plane lattice constants. In fact, if the deviation is larger
than 0.0001 A a new Ge content has to be assumed and the evaluation process
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has to be repeated. If the Ge content fits, the corresponding degree of relaxation
is calculated by

r=dL (3.16)
ftot
in which f = ’%}l“—& is the experimentally determined in-plane strain of a SiGe
SiGe
layer and fir = (fL — fj)- };z: + f| stands for the total lattice mismatch. Here,

pr = Psi — (Psi — Pge - Tge) denotes the Poisson ratio and f) is the out-of-plane
lattice mismatch [93].

3.4 Band structure simulation with nextnano-+-+

Nextnano++ is a Schrédinger-Poisson-solver which allows us to perform self-
consistent band structure simulations of semiconductor heterostructures in ther-
mal equilibrium for 1D, 2D and 3D geometries [94, 95|. Based on the Fang-Howard
variational approach for electrons in a 2DES the Schrodinger equation

h? 1
- E (Vm*—(r)v + U(T)) \Ifmk(?“) = En(k?) . ‘1/777k(7”) (317)

is solved by following the effective mass approach. Here, m* is the spatially varying
electron mass and U (r) = Uy(7)+ Uk ion()+ U, (1) denotes the single particle elec-
trostatic potential. Uy describes the conduction band energy of the unperturbed
heterocrystal and U, ;, is the electrostatic potential energy of fixed charges in the
heterostructure which can be calculated by the Poisson equation

pion(r)
€o

— VI[e(r)VUeion] =

)

(3.18)

where €(r) is the spatially dependent dielectric function and p;,, is the distribution
of fixed charges. In contrary, the term U..(r) = Ug(r) + U,.(r) stands for all
electron-electron many-particle interactions within the 2DES. Here U,. displays
the particle exchange energy. Uy is the Hartree potential which accounts for the
Coulomb interaction of one electron with the electrons in the 2DES and is given
by

en(r)

— V[e(r) VU (r)] =

(3.19)

€0

Figure 3.5 shows the program flow of a band structure simulation. The beginning
of the simulation process is accompanied by a special input file. Within this file,
the heterostructure geometry and the material compositions are defined. Impor-
tant material properties of Si and Ge as well as special attributes of dielectrics
and gate metals are specified in an additional database file [13].
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Figure 3.5: nextnano++ working principle. Adapted from [13]

Moreover, the input file defines the concentration of fixed charges or dopants in
the simulated heterostructures. Furthermore, boundary conditions for the strain
equations, the electrostatic potential, the wave functions, the Fermi energy at the
contacts and the domain boundaries of the heterostructure have to be specified.
In the initialisation routine, the input file and the database file are interrogated
to set up the structure and to calculate the strain which affects the conduction
as well as the valence band energies and influences the band offsets between Si
and Ge. Finally, the initial charge distribution is evaluated and the initial electro-
static potential energy U. is solved by combining fixed (see equation 3.18) and free
charges (see equation 3.19) in a single solution of Poisson’s equation [13]. Follow-
ing the initialization, the Poisson and Schrodinger equations are solved alternately
using several boundary conditions until a self-consistence is reached. This point
is achieved when both the charge densities and the change of the Fermi energy
fall below a user defined residuum. Then the Schrédinger equation 3.17 has to
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be solved for the wave functions W and the energy levels £ from which the 2DES
density is calculated according to equation 3.19. The resulting charge distribution
n(r) is then used to recalculate the Poisson equation. Finally, several character-
istic properties e.g. strain, charge distribution or energy levels are output and
are available for post-processing. However, the quantity of in this way obtained
simulation results has to be scrutinized carefully for the physical meaning. Due
to an insufficient knowledge of the local Fermi level Ep(r) in a heterostructure
at cryogenic temperatures especially for externally applied electric fields, charge
configurations can appear that are not in agreement with the thermal equilibrium
requirement that is necessary for nextnano++ calculations [13].

3.5 Sample preparation methods

The MBE grown samples are patterned into Hall-bar shaped geometry so that an
electrical characterization via magnetotransport experiments is possible. Figure
3.6 shows a brief overview of the most important steps in the lithographically pro-
cess and therefore is shortly explained in the following. More detailed information
on the lithography recipe can be found in appendix C.

First of all, the wafer has to be cut with a self-made cutter into 5 x 4 mm sample
pieces for easier post-processing. Then, the samples pass through a series of
different process steps in the clean room of Prof. Weiss. In a first step, the samples
were cleaned in a standard procedure in aceton and isopropanol baths. In order
to realize certain device geometries, the samples were coated with a positive resist
before an illumination with UV light was executed through a specially defined
resist mask ? in a Karl Siiss Micro Tec mask aligner. Now, the samples have to
be developed and cleaned in deionized water. After that, a wet chemical etching
step was carried out in an HF' : HNOj3 solution. Finally, the resist was removed
and the samples were ready for the next optical lithography process. In the scope
of this optical lithography step, the samples were shortly dipped in a diluted
HF solution in the end. Then, a subsequent metallization step with gold and
antimony was performed in a Univex 450 deposition machine. Immediately after
the deposition, the metal was removed on the unwanted regions by a lift-off process
in aceton. Afterwards, the samples were placed in a rapid thermal annealer (RTA)
and heated under forming gas atmosphere. As a result, the annealed layers form
little droplets with small inverted pyramids underneath which connect the 2DES
so that ohmic contacts arise. After that, the droplets were shorted in a second
metallization step by a titanium gold layer in order to improve the stability of the
ohmic contacts.

2wavelength between 200 and 450 nm
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Figure 3.6: Short sketch of the lithographic process circle and the utilized ma-
chines and items. Here, the steps towards ohmic contacts are shown. Further
lithography and metallization steps are only indicated. Detailed information about
the entire procedure is given in appendiz C.

Finally, a third metallization step was carried out in order to attain a Schottky
top-gate on one third of the Hall-bar. Here, a HF dip prior to the palladium
deposition is inevitable due to the fact that otherwise many surface states will be
present on top of the sample which can hamper the field effect control [46, 47].
Last but not least, the samples were glued into a 8-pin ceramic chip carrier and
bonded with aluminium and gold wires respectively.

3.6 Magnetotransport

The main characterization method used in this thesis are magnetotransport ex-
periments in order to extract important fundamental properties like charge carrier
density and mobility, which display a sign of quality in our samples. In the fol-
lowing, the different set-ups and measurement procedures are presented. First,
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the standard rapid characterization set-up in the 65 litres helium dewar is de-
scribed. Second, the Spectromag SM 4000 magnet cryostat is explained. Finally,
the measurement techniques for gate controlled transport and leakage current
measurements are introduced and illustrated.

3.6.1 Standard characterization set-up

Lock-in
amplifier

Figure 3.7: Picture of the standard characterization set-up. The rack is equipped
with three lock-in amplifiers to record both the longitudinal and the Hall resistance
as well as the current along the Hall-bar. Additionally, the Lakeshore 625 magnet
power supply, a Yokogawa GS-200 voltage source and two Keithley 2000 voltmeter
are present. Furthermore, the He dewar, the in-dewar magnet rod and the sample
rod are illustrated. With this set-up, temperatures of about 1,4K and high magnetic
fields up to 5T can be reached.

The set-up consists of an in-dewar magnet rod with a superconducting magnet
coil, a sample rod, a vacuum pump, and an instrument rack which is equipped with
a switch box, three lock-in amplifiers, two Femto DLPVA pre-voltage amplifiers, a
Lakeshore 625 magnet power supply, a Yokogawa GS200 voltage source, a Femto
current voltage converter, and a Keithley 2000 voltmeter. The whole set-up is
shown in figure 3.7. By using this set-up we are able to investigate our samples
at temperatures from 1.4K (by closing the needle valve at the magnet rod and
pumping out the sample space) to 4.2K and magnetic fields up to 57. More
information about the rapid characterization set-up can be found in [96] and [97].
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3.6.2 Spectromag SM 4000
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Figure 3.8: a) Drawing of the Spectromag SM 4000 and its basic components. b)
Image of the Spectromag sample rod. c¢) Detail image of the sample socket. The
sample heater and the Cernox 1050 temperature sensor are included in the copper
boz. d) Picture of the 8-pin ceramic chip carrier with the bonded sample inside.

The basic component, for the temperature dependent measurements, is a SM 4000
magnet cryostat which is a commercial system made by Oxford Instruments (see
figure 3.8). The achievable temperature range lies around 1.2K and 300K with an
accuracy of £0.1/K. With the help of an ITC temperature controller, the desired
temperature is adjusted by generating a specific equilibrium between the flow of
liquid He and the heater power at the sample rod and the variable temperature
inset (VTI). Magnetic fields up to £77" at 4.2K, and even +8T are reached if
the temperature at the superconducting split coil magnets is reduced to < 2.2K.
This system has an optical access to the sample space which was used in our case
to orientate the sample perpendicular to the magnetic field. Temperatures below
4.2K can be attained by reducing the vapour pressure of liquid He in the sample
space with a rotary pump. The flow of liquid He out of the main reservoir into the
V'TT on his part is controlled by a needle valve stepper motor. The cryostat dewar,
which contains 20/ of liquid He, is shielded with a 24/ liquid nitrogen (INy) reservoir
and an outer vacuum chamber (OVC) with a pressure of 10 %mbar to reduce the
evaporation of liquid He. The samples were fixed in a sample rod (see figure
3.8b,c) which contains a 10-pin sample socket, a Firerod 20V 40W sample heater
and a Cernox 1050 temperature sensor. The instruments used for the electrical
measurements are the same as in the standard characterization set-up.
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3.6.3 Measurement methods

Several electrical measurement methods were applied in this thesis to extract
information about the gated and ungated regions in Si/SiGe heterostructures. In
the following, every measurement technique is explained in detail.

Standard magnetotransport

100MQ

to L(:)ck-'m 2 t / _37
XX N Yokogawa GS200
[ESY Output

ohmic
Osc out contacts
[
Lock-in 1

17Hz

SC 11

to Lock-in 3
P Xy

Figure 3.9: Sketch of the general magnetotransport set-up in the gated region.
A 50 nA current was created along the Hall-bar by sending a AC signal with an
amplitude of 5V and a frequency of 17THz over a 100 MSQ load resistor. The
longitudinal as well as the transversal resistance were recorded by two Lock-in
amplifiers after a pre-amplification by two Femto DLVPA pre-voltage amplifiers.
The gate voltage was altered by a Yokogawa GS-200 voltage source.

Basic magnetotransport measurements at low temperatures and high magnetic
fields were performed to determine relevant properties of our 2DES. Figure 3.9
shows a short sketch of a gated Hall-bar sample together with the connected
circuity. A Yokogawa GS200 DC-voltage source is connected to the Pd top-gate
to tune the electron density of the 2DES capacitively. Moreover, Lock-in one
outputs an AC signal with a frequency of 17Hz and a constant amplitude of 1-5V
which is connected to the source contact of the sample in series with a 100M¢2
load resistor. Consequently, a current in the order of 10-50 nA was sent through
the Hall-bar and simultaneously measured by Lock-in one. To record both the
longitudinal and the Hall voltage in a four point measurement configuration, we
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used two additional Lock-in amplifiers (Lock-in 2 and 3). Most of the time two
Femto DLPVA pre-voltage amplifiers with an input impedance of 1 T€) were
switched between the Hall-bar leads and the two Lock-in amplifiers in order to
obtain a better signal to noise ratio and to avoid current losses over the Hall-bar
terminals. To calculate the charge carrier density as well as the mobility, the
acquired voltages were converted into resistivities p,, and p,, with the help of
equations 2.5 and 2.4. Using equations 2.7 and 2.8, we finally extract the carrier
density and mobility.

Leakage current measurements

) [ sl

Femto Keithley 2000
I/U converter -

Yokogawa GS200 o
Cosv] Output

Figure 3.10: Sketch of the leakage current measurement set-up. All ohmic con-
tacts were short-circuited under the gated region. The leakage current was ampli-
fied by a 1/U converter prior to the detection with a Keithley 2000 voltmeter. As
a voltage source we employed a Yokogawa GS-200.

In order to define the limits in which we can operate our Schottky top-gate, leakage
current measurements were performed. Since leakage currents are detrimental for
all transport experiments, the controllable gate region has to be exactly specified.
Therefore, in a first step we short-circuited all ohmic contacts which lie under the
top-gate and connected them to the input of a Femto DLPCA-200 current-voltage
converter. The output of the I/U converter was then linked to a Keithley 2000
voltmeter. The top-gate is biased with a Yokogawa GS-200 DC voltage source
which results in high electric fields between the Schottky top gate and the 2DES.
We choose an amplification factor of 10® for the I/U converter so that 1V at
the Keithley corresponds to 10nA leakage current. The complete measurement
configuration is displayed in figure 3.10.
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Gate sweep measurements

Gate sweep measurements were carried out in order to shed light on the interplay
between the top-gate and the 2DES. However, first of all the pinch-off point of
every sample has to be estimated to further specify the gate control range. The
pinch-off point in this connection is defined as the point were the 2DES gets fully
depleted [13, 98|. Thus, in combination with the leakage current measurements,
we receive the whole area in which we can tune our 2DES. For this procedure, we
utilized the general magnetotransport set-up (see figure 3.9). Starting from a point
were the 2DES is occupied, the gate voltage was swept in negative voltage direction
while the current along the Hall-bar was collected via Lock-in technique.

a) Pinch-off measurement b) Gate sweep measurement
50L —— R2030C1 1500 sweep to and back from measurement
N reset
A sweep
direction 1200k
z
= @ 900 | %
o 2 Ug
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Figure 3.11: a) Sketch of a typical pinch-off curve for sample R2030C1. The
occupied 2DES region as well as the depletion region are highlighted with blue and
grey colours respectively. The thick black arrow indicates the sweep direction and
the other arrow denotes the pinch-off voltage which lies around —0,4V . b) This
picture illustrates the entire sweep sequence. Both the reset and the measurement
regions are also highlighted in grey and blue respectively. Moreover, the reset point
Ur, the start value Ug for the sweep as well as the mazximal voltage end value Ug
are indicated. The time dependent course can also be extracted in detail.

In figure 3.11a, a typical pinch-off curve is shown. Here, U, stands for the pinch-
off voltage. Ultimately, when the whole controllable top gate range is determined
we are able to start with the actual sweep procedure. First, the gate voltage was
swept with a rate of 5’"7‘/ to a value far below the pinch-off point which is called
reset point Ug from now on. This point is adjusted before every gate sweep or
jump measurement in order to guarantee equal starting conditions. After a waiting
duration of 5 minutes, the gate was swept slightly over the pinch-off value (Ug)
were the 2DES has already formed and is stable 3. Now the actual measurement

31t was shown in the theses of Wild and Sauther [13, 99], that a reset time of 5 minutes is
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was performed by sweeping the gate voltage to the maximal possible gate value
Ug before leakage sets in. Immediately after U was reached, the gate voltage was
decreased to the initial voltage value. This sequence was executed with a sweep
rate of 1—2%‘/. For the determination of both the carrier density and the mobility
of the samples, it is mandatory to perform this sequence first in the absence of the
magnetic field and second with a magnetic field of B = 0,257. By using equations
2.7 and 2.8, the carrier density and the mobility can be calculated. In figure
3.11b the complete sweep process is shown schematically. For the temperature
dependent sweep measurements, the change in temperature was always conducted
during the reset phase.

Time resolved gate jump measurements
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Figure 3.12: Functional principle of the gate jump experiments exemplarily for
several end voltage values Ug. Both the measurement and the reset areas are again
underlayed in grey and blue. The current along the Hall-bar and the longitudinal
as well as the Hall resistance were recorded during the relaxation process for several
minutes.

Continuous gate sweep measurements only provide precise information on changes
in the 2DES during a non-equilibrium state. In order to attain detailed knowledge
of time dependent and abruptly occurring mechanisms, time resolved gate jump
measurements were executed. A sketch of the general procedure is indicated in
figure 3.12. First of all, the heterostructure has to be reseted to ensure well
defined starting conditions. After the mandatory waiting time of 5 minutes in
the reset point, the gate voltage is suddenly altered with a jump rate of 10000’”7‘/

sufficient to guarantee equal starting conditions.
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to the final voltage value Ug. The desired bias value is kept for several minutes
during the whole measurement and both the longitudinal and the Hall resistance
are determined. This process is called relaxation process from now on. The
experiment has to be carried out again for different B-fields in order to obtain the
carrier density and mobility according to 2.7 and 2.8. After the measurement is
concluded, the voltage is swept back into the reset with a rate of 10’”7‘/. Changes
of temperature as well as the magnetic field are operated during the waiting time
in the reset point.
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Strain, band offset and doping degree are very important parameters in the fab-
rication process of Si/SiGe heterostructures. In order to efficiently use these set
screws for the optimisation of two-dimensional electron systems (2DES), all wafers
were grown unrotated to exploit gradients which arise due to the cell geometry
in the MBE main chamber. In fact, these gradients allow us to study several
samples with different material compositions, relaxation degrees R and doping
degrees on one single wafer. In a first step, we applied a reciprocal space mapping
technique (RSM) to explore different gradients depending on the sample position
on the wafer regarding the effective Ge content z¢.,,, and the degree of relaxation
for two different virtual substrate concepts namely LT-Si and graded buffer VS
(see section 2.3). Then, we systematically investigated the phosphorous (P) dop-
ing profile across the overall wafer since a precise controllability of the P doping
degree in our heterostructures is absolutely necessary to achieve high mobilities.
For this purpose, magnetotransport and SIMS measurements as well as nextnano
band structure simulations were conducted. Finally, we applied our findings to a
new growth series in order to fabricate high mobility Si/SiGe heterostructures.

4.1 RSM of different virtual substrates

To start our analysis, we exemplarily recorded RSMs of an LT-Si and a graded
buffer based sample, each taken out from an arbitrary position on the wafer, to
determine the exact Si;_,Ge, material composition and the degree of relaxation
with respect to the underlying buffer layers. Figures 4.1a and b show the symmet-
ric (004) and asymmetric (224) RSMs of the LT-Si based sample R2004B8. The
Si substrate and the SiGe layer peak are clearly visible in both RSMs. From the
symmetric (004) RSM we see that the maxima of the Si substrate as well as of
the SiGe layer peak are separated and lie on the same in-plane reciprocal lattice
point (RELP) Ry which indicates that the lattice planes of both layers are parallel
to each other. In the (224) RSM the separation of the Si substrate and the SiGe
layer peak is not as good defined as in the (004) RSM. This circumstance results
from a lower intensity in combination with a higher noise level in the asymmetric
RSMs. In contrast to the LT-Si based sample, figures 4.1c and d display the RSMs
of the graded buffer grown sample R1940A.

43
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Figure 4.1: a) RSM of the (004) reflex of sample R2004B8 which was grown on
a LT-Si based VS. Both the Si layer peak and SiGe constant composition layer
peak have the same hy RELP, illustrated by the black dashed line. b) Picture of
the according (224) RSM. ¢) and d) RSM of both the (004) and (224) reflex of
sample R1940A. The Si layer peak and SiGe constant composition layer peak have
again the same hy RELP in the (004) RSM. Moreover, the linear grading from
5% towards 35% in the SiGe constant composition layer is visible in both maps.

Here again, the Si substrate and the SiGe layer peak are very pronounced and
lie on the same in-plane RELP hj in the (004) RSM. Moreover, in this sample
the linear grading in the SiGe buffer, which starts with a nominal Ge content of
5% and ends up with a final nominal Ge content of 35%, is visible in both RSMs.
Finally, the RSMs of the LT-Si and the graded buffer based samples were evaluated
as introduced in section 3.3.1. The degree of relaxation R as well as the effective
Ge content zge,,, could be directly calculated from the positions of the SiGe layer
peaks relative to the Si substrate peaks. As a result, we obtained a degree of
relaxation of R = 91,32% and an effective Ge content of TGeyr; = 38, 47% for the
LT-Si based sample R2004B8, whereas the graded buffer based sample R1940A
exhibited R = 92,40% and x¢e,,, = 30,85%. The determined results clearly point
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to a good quality of the MBE grown buffer layers which form the basis for Si/SiGe
heterostructures. In order to find out the optimal parameters for the fabrication
of high mobility Si/SiGe 2DES and to compare LT-Si and graded buffer based
samples, the gradients across the entire wafer have to be precisely mapped.

4.1.1 Comparison of LT-Si and graded buffer XRD maps

In this section, RSMs of L'T-Si and graded buffer VS based wafers were systemat-
ically recorded for several 5 x bmm sample pieces which were cut out of different
wafer regions. In this context, especially the effective Ge content, which can dras-
tically influence the band offset in our Si/SiGe 2DES, the degree of relaxation in
the buffer layers, which might affect the degree of strain in the Si QW as well as
the deviations relative to the nominally wanted Ge content, in the wafer center
were precisely studied. Figure 4.2 shows a sketch of the wafer, the positions of the
extracted samples, the arrangement of the Si and Ge electron beam evaporators
and the position of the GaP cell. In reality however, the Si and Ge electron beam
evaporators are centrally arranged, directly below the wafer surface.

Ge r Figure 4.2: Schematical

M drawing of the entire wafer

and the sample positions at

which the RSMs were sys-

tematically recorded (orange

rectangles).  Furthermore,

flat the position of the Si and

Ge electron beam evapora-

tors as well as the P doping

cell are indicated. In real-

ity, the Si and Ge electron

beam evaporators are cen-

: trally arranged, directly be-
Si low the wafer surface.

As a consequence of the systematic RSM investigation, new XRD overview maps
were developed. Figure 4.3a shows an overview map averaged over three LT-Si
based wafers R2001, R2004 and R2005. In comparison, figure 4.3b presents a cor-
responding overview map of the RSM results and the according gradients, obtained
in the graded buffer based wafer R1940. In the following, the resulting zge,,,,
and the deviations from z¢.,,,, in both XRD overview maps are compared to each
other and the differences/similarities are highlighted and discussed.
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Figure 4.3: a) XRD overview map of the averaged LT-Si wafer results (R2001,
R2004, R2005) for a nominal Ge content of 35%. The effective Ge content (vge,,,)
values are marked in green. The degree of relazation is written in red, whereas the
deviation from the nominal Ge content in the wafer center is displayed in black
numbers. Additionally, all four quality regions are illustrated in Roman letters.
The degree of relaxation and the Ge content gradients are shown by red and green
arrows respectively. b) Drawing of the results in wafer R1940 which is based on a
graded buffer VS and exhibits nominally 35% Ge. The experimentally determined
gradients are again illustrated with green (effective Ge content) and red (degree of
relazation) arrows respectively. The deviations from xce, ;¢ and R are displayed
in the same colour like the corresponding arrows, whereas the nominal Ge content
TGenom 15 indicated with black numbers.

Effective Ge content ¢, ,,: In the average LT-Si overview map, illustrated in
figure 4.3a, we observed a strong increase in the effective Ge content zge,,, from
the Si cell direction (bottom) to the Ge cell direction (top), whereas the Ge content
increases only slightly from the left side to the right side of the wafer. Additionally,
the effective Ge content of all three samples in the wafer median, where zq.,,, ~
37%, is approximately equal to the nominally wanted Ge content zge, ., = 35%.
Indeed, this observation points to a correct Si and Ge flux calibration, which was
adjusted via RHEED oscillations in the wafer center '. In order to confirm this fact
we performed an additional high depth resolution SIMS measurement (see section
3.2) in a centred sample of wafer R2004 which is part of the average LT-Si XRD
overview map. Figure 4.4 shows the SIMS results from which we can directly
extract an effective Ge content of x ~ 35%. Moreover, two dips are displayed
in the SIMS measurement which indicate the position of the Si QW and the Si
capping layer. However, an exact quantification of the material composition in
these thin layers (5 — 10nm) is not possible due to a high sputter rate which is
necessary to achieve a high depth resolution.

!Further information on this technique can be found in [20].
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Figure 4.4: A high depth resolution SIMS result of a centred sample of wafer
R2004. At first glance, two dips occur which are attributed to the Si QW and the
St capping layer on top of the sample. Moreover, the experimentally extracted Ge
content from the SIMS measurements x =~ 35% is almost equal to the one which
was obtained from XRD RSMs xge,,, =~ 37%, see figure 4.3a.

In contrast to the average LT-Si overview map, figure 4.3b presents the graded
buffer overview map of wafer R1940 which was grown at the Walter Schottky
Institute before the MBE System had been transferred to Regensburg. At first
glance, we see that the Si and Ge flux calibration in wafer R1940 is distinctly
shifted compared to the one in the average L'T-Si overview map. This phenomenon
can be explained by the fact that the growth position was readjusted in Regensburg
which can have a distinct influence on the flux calibration since the RHEED spot
can be shifted to another impinge position on the wafer surface. Nevertheless,
the effective Ge content gradients in both the L'T-Si and the graded buffer based
wafers behave similarly. The effective Ge content increases approximately 12%
from the bottom to the top and about 2% from the left to the right side of
the wafer. Simultaneously, the deviations relative to the nominal Ge content
TGe,om 1 the wafer center along these gradients amount maximally up to about
23%. Furthermore, these observations are in good agreement with XRD RSM
measurements of Sailer who also studied the deviation of the nominally wanted
Ge content in SiggsGegos [25]. In his findings, he reported on an increasing
effective Ge content gradient from the bottom to the top of the wafer with a
maximal deviation of the effective Ge content relative to the nominal Ge content
of approximately 23%.

Degree of relaxation R: The gradient concerning the degree of relaxation,
in both virtual substrate concepts behaves roughly similarly to the effective Ge
content zge,,, gradients. Comparing the LT-Si average XRD overview map in
figure 4.3a with the graded buffer overview map in figure 4.3b, we found the
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Figure 4.5: a) Picture of a Si and SiGe layer in the equilibrium state. Moreover,
the lattice constants of Si ag; and Si1_,Ge, asige, which explicitly depends on the
Ge content according to equation 2.3, are illustrated. b) Image of a pseudomor-
phically strained SiGe layer. ¢) Drawing of the plastic relazation process due to
the formation of misfit dislocations (indicated by the ). The onset of this relaz-
ation process depends on the critical thickness h. and therefore on the material
composition of the Siy_,Ge, layer or in other words the Ge content.

continuous trend that starting from the Si cell and ending up at the Ge cell
direction a higher degree of relaxation appeared with a simultaneously increasing
effective Ge content. Regarding figures 4.5a-c, this observation gets plausible since
a higher Ge content in the S%;_,Ge, material composition leads to a bigger lattice
constant which then results in a larger lattice mismatch f = (asige — asi)/asige-
Consequently, the critical thickness h. is lowered according to h. %ln (a%),
where b stands for the burgers vector and « is the dislocation core parameter.
As a result, the plastic relaxation process of the buffer layer sets in earlier due
to a formation of misfit dislocations which reduce the strain and hence lead to
a better degree of relaxation R. Additionally, we see that for equal effective Ge
contents the graded buffer based wafer shows a higher degree of relaxation than
the L'T-Si based average overview wafer. This fact supports the assumption that
the slow linear grading is responsible for a better distribution of misfit dislocations
and therefore results in a lightly higher degree of relaxation. Beside this linear
increasing R gradient from the bottom to the top of the wafer, we observed a
second slightly decreasing degree of relaxation R from the left (Ge poor) to the
right (Ge rich) side of the wafer. However, the origin of this phenomenon is not
completely understood. It is possible that the deviations of R along this gradient
lie within the reading accuracy of the measurements. In order to clarify this open
question, further measurements are necessary.

Based on the experimentally obtained insights concerning the degree of relax-
ation, the deviations relative to the nominally wanted Ge content in the wafer
center and the effective Ge content, the wafers could be finally divided into four
quality regions, indicated by the black Roman numbers in figures 4.3a and b. In
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this context, high quality means firstly a high degree of relaxation from which
we deduce that there are less threading dislocations piercing through the active
sample structure up to the surface. Secondly, a high band offset is advisable since
the measurements on gated Si/SiGe heterostructures of Wild et al. [13], intro-
duced in section 2.5.2, already showed that increasing the gate voltage leads to
unwanted charge reconfigurations caused by tunnelling events from the 2DES into
energetically lower lying energy states in the P doping layer. In order to suppress
or avoid these tunnelling effects, which act detrimental on the gate controllability
of the 2DES, one option is to increase the Ge content so that a higher band offset
and therefore a higher energy barrier forms.

Starting with our quality classification, region I, which has the highest degree of
relaxation and the highest effective Ge content zge,,,, is located on the upper left
quarter of the wafer. This area is followed by region II which lies on the upper
right quarter of the wafer and exhibits a slightly poorer R but higher z¢.,,, in
comparison to segment . Region III, is ordered at the lower left side of the wafer
and contains an even lower R and TGe, sy than the other two regions. In the end,
we define sector IV which includes the weakest quality concerning R.

4.1.2 Reproducibility

In a next step, we checked the reproducibility of our new findings regarding the
TGe,;; and R gradients in the XRD overview maps. Therefore, the gradients
were studied in another L'T-Si based wafer with a nominally lower Ge content
of zge,.,, = 30%. Moreover, the long term reproducibility of the gradients was
reviewed, since we in note form recorded RSMs at random wafer positions of every
grown wafer during the new growth period and compared the results with the ones
of our XRD overview maps.

Variation of Ge content: In order to check the universal applicability of our
experimentally determined gradients to wafers with a different nominal Ge content
another LT-Si grown wafer R2052 with zg.,, . = 30% was produced and compared
to the averaged LT-Si wafers with zq.,,. = 35%. Figure 4.6a shows the exact
results of wafer R2052 regarding the effective Ge content, the degree of relaxation
and the deviations relative to the nominal Ge content in the wafer center. The
effective Ge content increases approximately 11% from the bottom to the top and
about 2% from the left to the right side of the wafer. Simultaneously, the deviation
relative to the nominal Ge content xg,, . in the wafer center along these gradients
amounts maximally up to about 21%. Moreover, the gradients with respect to the
degree of relaxation behave equally to the ones in the average LT-Si overview
wafer with xqe,, = 35%, whereby R is about 2% lower in the overall LT-Si based
wafer with nominally 30% Ge content. This observation again points to the fact
that the degree of relaxation R increases with increasing (Ge concentration.



50 Heterostructure optimisation

b) -

Ge 38,01% A

+21,07%
92,46%

R2043A1%
— Ge 42,28%
Ape +17,22%

— 93,97%.

A
R2035A3%, —

II

Ge 3337% Go 36,449 Ge 41,66% | |Ag*
e 33,37% je 36,44% +15,99% o
+10,10% +17,67% 93.93%."  |As R2030A7, R2029A16
91,78% 91.40% Aor +5.74% Ay nrradd
6

— 92,79%.

Ge 31,32%
| +421% +6,86% +7,57% |.

Al
|A1 [A2XA3|A4{A5 As A:‘Ax Ag ‘A10|An‘A12|A13[A14‘A15|A1(»
s S v
90,52%

R205248%  /R2031A16
Ge 3221% Ge 38.26%

e 38,26%
VR(20316|A17‘3* (A +6,96% +8,52%
ie 31.87%

10 90,48% 92,91%

Ge 28.,80%
-4.17% +4,63%
89,80%

Ge 26,30% YA R2042A15%
o — Ge 31,09% |
-11,94% Al ST

240/ — 20 220/
904,:4",,.. Al 80.200,
L

Figure 4.6: a) RSM results of the LT-Si grown wafer R2052 with nominally
30% Ge content. The effective Ge content (Tge,,,) values are marked in green.
The degree of relaxation is written in red and the deviation from the nominal Ge
content is displayed in black numbers. All four quality regions are indicated in
Roman letters, the degree of relazation and the Ge content gradients are again
shown by red and green arrows respectively. b) Schematic drawing of all in note
form examined wafers from the new growth series, concerning the effective Ge
content (green numbers), the deviation from the nominally wanted Ge content
(black numbers) and the degree of relaxation (indicated in red). The results show
a perfect agreement with the average LT-Si based XRD overview map which exhibits
a nominally wanted Ge content of 35% see figure 4.3a.

Comparing the average overview wafer (zge,,,, = 35%) in figure 4.3a with the new
LT-Si based one (z¢e,,,, = 30%) in figure 4.6a, regarding the effective Ge content
displays a difference of approximately 4% in each sample across the entire wafer
(nominally 5% difference) which shows the high precision of the RSM technique.
Interestingly, the wafer with nominally 30% Ge contained the same gradients like
the ones within the average LT-Si based overview wafer with zg., ,, = 35% which
leads us to the conclusion that precise predictions of the zg.,,, and R gradients
are possible independently of the Si;_,Ge, material composition in the wafer.

Long term reproducibility: Figure 4.6b presents an overview of the results
concerning the effective Ge content (v¢e,,,), the degree of relaxation (R) and the
deviation from ze., . at different wafer positions for all investigated wafers (with
TGenam = 35%) during this thesis. The results nicely agree with the LT-Si based
average XRD overview map which was recorded for wafers with zqe,,. = 35%, see
figure 4.3a and therefore strengthen our experimentally obtained gradients. All
these facts give indeed a clear evidence for the quantitative stability and validity
of the newly developed gradients over a long time although multiple new Si and
Ge RHEED calibrations were executed.



4.2 Precise controllability of P doping 51

Conclusion: Using a RSM technique, we for the first time systematically studied
and precisely mapped geometrical gradients, concerning the degree of relaxation,
the effective Ge content and the deviations relative to the nominally wanted Ge
content in both LT-Si and graded buffer based wafers. As a result, we obtained
similar gradients in LT-Si and graded buffer grown wafers, whereby the graded
buffer based samples exhibited a slightly higher degree of relaxation (~ 3%) across
the overall wafer. However, since the LT-Si virtual substrates also showed high
degrees of relaxation up to approximately 96% and are far less time and mate-
rial consuming, we conclude that LT-Si VS are better suited for the systematic
optimisation of Si/SiGe heterostructures. In the following, we therefore mainly fo-
cused on LT-Si based wafers and checked the reproducibility of the experimentally
obtained gradients in a further L'T-Si based wafer with different material compo-
sition. Additionally, we reviewed the long-term reproducibility in note form in all
LT-Si grown wafers during this thesis. The results clearly show that the discov-
ered gradients are universally applicable, independent from the Si;_,Ge, material
composition and are stable over a long period of time. Based on our new findings
concerning R and zge,,,, we were finally able to divide the entire wafer into four
quality regions. With respect to R and zge,,,, we found a very good platform
for high quality Si/SiGe heterostructures especially in the upper wafer half. In
order to be able to fabricate a high mobility 2DES, the doping profile has to be
precisely studied too. Therefore, we lay the main focus in the next section on an
exact controllability of the P doping cell.

4.2 Precise controllability of P doping

Traditionally, the calibration of the phosphorous (P) dopant concentration is con-
ducted in bulk Si calibration samples. In this chapter we tested whether the
incorporation of phosphorous in SiGe differs from the incorporation in Si on a
scale impacting the P dopant calibration.

4.2.1 Phosphorous cell calibration

Starting with the usually used P calibration in Si, a calibration wafer with four
phosphorous doped Si boxes (Si:P) at relevant GaP cell temperatures and a typical
growth rate of rg; = 0.16 A/s was fabricated [86, 20, 25|. Figure 4.7a shows the
sample structure which consists of an intrinsic Si substrate followed by a thin
Si buffer layer and an alternating layer sequence of four 100 nm thick P doped
Si boxes, each doped at different cell temperatures (657°C,653°C,649°C,645°C)
and four 250 nm thick Si buffer layers. However, in order to achieve the best
suited calibration conditions comparable with the modulation doping process in
our Si/SiGe heterostructures, a new calibration wafer was produced where the
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P doping deposition is conducted in SiGe. Figure 4.7¢ displays an overview of
a centred sample of the new calibration wafer. First of all, an L.T-Si grown VS
was fabricated in order to employ the desired Si;_,Ge, material composition, see
section 2.3.2.
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Figure 4.7: o) Schematic drawing of the Si:P sample structure R2021. All four
100 nm thick P doped boxes are separated by 250 nm Si layers. b) High mass
resolution SIMS measurement of the P doping profile in Si. The four boxes with
different P doping profiles for 657°C, 653°C', 649°C' and 645°C' are clearly visible
by the blue curve. The doping degree and the concerning P cell temperature are
tllustrated in black numbers. Additionally, the Si and C' concentrations are given
by the red and black curve respectively. c¢) Image of the SiGe:P sample R2019. The
100 nm thick SiGe:P boxes are separated by 250 nm thick SiGe layers. d) shows
the according SIMS results of sample R2019 with P doping in SiGe. Again, all
four SiGe:P boxes grown at different P cell temperatures are visible. Moreover, the
doping degree, the P cell temperatures, as well as the Si and the C concentrations
are given by the same colors like in the Si:P sample.
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Secondly, this time an alternating layer sequence of four 100 nm thick P doped
SiGe boxes (SiGe:P) at the same four GaP cell temperatures (657°C,653°C,649°C,
645°C") and separated by three 250 nm thick SiGe layers was produced using a
SiGe growth rate of rg;g. = 0.16 A/s . Finally, the last SiGe:P box was capped
by a 245 nm SiGe layer and a 5 nm Si layer to prevent the calibration wafer from
oxidation.

Comparison Si:P and SiGe:P calibration: Figure 4.7b shows the high mass
resolution SIMS results of a centred sample with varying P doping profiles in the
Si:P calibration wafer. The carbon (C) and Si concentrations, which are given by
the red and black curve, explicitly divide the calibration sample into three regions.
The dip in the Si concentration indicates the sample surface, whereas the peaks in
the C' concentration clearly separate the doped layer sequence from the wafer sub-
strate and the sample surface. In the doped layer sequence, we observed the four
P doped box profiles (blue curve) for the corresponding GaP cell temperatures.
In comparison, figure 4.7d displays the SIMS results of the SiGe:P (R2019) cali-
bration sample. Here, again the C' and Si concentration peaks/dips illustrate the
separation of the sample surface, the doped layer sequence and the Si substrate.
Comparing the exact doping levels in the Si:P and the SiGe:P sample, we see that
the doping profile in the SiGe:P (R2019) sample was roughly about 1-10¢m =3
lower in each box than in the Si:P (R2021) calibration sample. Therefore, both
samples seem to result within the limits of accuracy of the measurements in the
same doping degree. However, it is obvious that the four P doped box profiles are
better defined in the SiGe:P (R2019) calibration sample. Indeed, the P segrega-
tion seems to be markedly reduced in comparison to sample R2021, since the P
levels fall down to the detection limit of approximately 1-10%c¢m =2 at the doping
box edges. Consequently, it is distinctly easier to determine the exact layer thick-
nesses in the SiGe:P (R2019) calibration sample. In this context, we verified the
nominally wanted layer thicknesses and width of the phosphorous doping boxes
in the SiGe:P sample by directly extracting the thicknesses from the SIMS depth
profile. Actually, the results are another hint for a correct Si and Ge RHEED flux
calibration.

Conclusion: In summary, we showed that the incorporation of P in Si and SiGe
calibration samples hardly differs. As a result, the determined P concentrations
were almost equal in both samples. However, for a precise evaluation of the doping
profile, a SiGe:P calibration sample is advisable since the Si:P calibration sample
suffers from a strong phosphorous segregation. Moreover, these results are in good
agreement with measurements of Niitzel et al. and Christensen et. al [20, 100]
who studied the segregation profiles in Si:P and SiGe:P respectively. In their
investigations, they attained a phosphorous (P) diffusion length of 100 nm in Si,
whereas for higher Ge content the P diffusion length decreased linearly. Hence,
in a SipgGego sample Niitzel and coworkers estimated a phosphorous diffusion
length of approximately 7 nm.
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4.2.2 Systematic determination of P doping gradient

In this section, we for the first time experimentally determined and precisely
mapped the geometrical phosphorous doping gradient by using standard magne-
totransport measurements in the ungated Hall-bar regions of different samples all
over the wafer. In the following, we exemplarily present the results of one single
wafer R1931, illustrated in figure 4.8.

R1931 ungated region
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Figure 4.8: a) Drawing of the basic sample layout for wafer R1931. The modula-
tion doping layer is only 2 nm thick and therefore quasi "d-doped”. Additionally,
the spacer layer was increased to 22nm. b) Overview of the results of different
samples concerning both the carrier densities n and mobilities p in vertical and
horizontal wafer direction. The corresponding P doping gradients are indicated
with orange arrows. Different colours highlight the mobility of the samples. c¢)
Overview of the results of both the carrier density n and the mobility p in the
ungated regions in dependence of the wafer position, see figure 4.8b. The quality
of the samples which is given by the mazimum mobility is highlighted in different
colours. Red indicates p = 1- 103% up to 1- 104cm2, mobilities in the range of

Vs

1- 104% to 2- 1046\22 are shown in light blue, green stands for mobilities in the

range of 2 - 1046177_52 to 4- 1046\77_52'

In a first step, all samples were systematically investigated at a temperature of
1,4K regarding both the carrier density (n) and mobility (u). Figure 4.8a illus-
trates the heterostructure layout whereas figure 4.8b and c give an overview of
the sample positions on the wafer and indicate the mobility of every sample by

different colours. Red denotes mobilities from 1 - 103“‘7—32 up to 1-10% c‘f, light
blue stands for mobilities in the range of 1-10* C{,’f to 2- 1046"7;, green indicates

mobilities from 2 - 104% to 4- 104%. The maximally achievable values for both
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the carrier density and the mobility in the ungated regions are presented for every
measured sample at different wafer positions in figure 4.8c. Regarding figure 4.8b
and c, we identified a linear gradient starting from the left side of the wafer (sam-
ple R1931E1) and ending up at the big flat on the right side (sample R1931E13).
Surprisingly, all samples in the right half of the wafer showed very bad transport
characteristics and did not work well even after illumination. In a first approach,
we believed a high doping degree to be responsible for this circumstance since
scattering effects on neutral and ionized impurities would increase with higher
doping degree and therefore drastically reduce the mobility. Secondly, the prob-
ability that phosphorous is incorporated in the Si QW would also be enlarged.
However, in order to completely resolve this open question more experiments are
necessary.

Beside the linear gradient from the right to the left side of the wafer, a second
gradient was discovered starting from sample R1931B16 and ending up at sample
R1931B1. In figure 4.8b and ¢, we immediately see that the corresponding carrier
density rises linearly from 2,50 - 10" e¢m ™2 at the bottom to 4,94 - 10" em ™2 (sam-
ple R1931B2) at the top of the wafer. Unfortunately, samples R1931B10 up to
R1931B6 were damaged during the lithography process and are therefore kept in
white colours. Nevertheless, the climb gradient is still clearly visible. After careful
consideration of this gradient, we are able to draw inferences on the best suited
charge carrier densities in order to reach high mobilities in the ungated region.
Therefore, at first glance densities in the range from 2,5 — 3,5- 10" em ™2 seem
to be most qualified since relatively high mobilities up to ~ 3,4 104% were
reached, see figure 4.8c. Indeed, these results are quite good in comparison to
earlier fabricated Si/SiGe heterostructures and define the optimal charge carrier
density region for the growth of two-dimensional electron systems.

To further specify the P doping gradient, we studied the percental discrepancy
of the measured charge carrier densities along the linear climb gradient, indicated
in figures 4.8b and c, from the experimentally observed charge carrier density in
the wafer center. Figure 4.9a displays the determined deviations across the carrier
density gradient which amount up to 52% from the bottom to the top of the wafer.
These results were then compared with a high mass resolution SIMS analysis of
several samples at different wafer positions, in a Si:P calibration wafer carried out
in the Phd thesis of Sailer [25]. Figure 4.9b illustrates the SIMS P climb gradient
on the left side of the wafer which exhibits a deviation of 46% from the bottom
to the top and therefore shows a good agreement with the percental deviations
in the linear charge carrier density climb gradient of wafer R1931. Based on
this result, the phosphorous gradient seems to be stable and independent of the
doping strength. Furthermore, this observation points to the fact that from the
percental deviations in the charge carrier density along the P climb gradient we
can directly draw inferences about the deviations in the volume doping degree
across this gradient.
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Figure 4.9: o) Overview of the experimentally observed deviations along the
charge carrier density climb gradient from the measured carrier density Nuygmeas
in the wafer center of R1931. In this context, inferences on the volume P doping
degree can be drawn by measuring the carrier densities Nygmeas along this climb
gradient which is illustrated by a brown arrow. b) Overview of the Si:P SIMS
results of several samples at different wafer positions shown in the Phd thesis of
Sailer [25]. The experimental P deviations (black numbers) from the wafer center
match nicely to the deviations in the n climb gradient obtained in a).

4.2.3 Determination of optimal parameters

In order to be able to fabricate a high quality 2DES, where charge reconfigurations
are suppressed and simultaneously high mobilities are reached, we now have to
take all experimentally obtained gradients into consideration. In the following, we
efficiently exploit the P doping gradient as well as the R and the ¢, ,, gradients
in nextnano band structure simulations to quantify the optimal parameters.

To start our analysis, the percental deviations along the P climb gradient, shown
in figure 4.9a, and the effective Ge content z¢.,,, gradient, displayed in figure 4.3a,
were utilized to get sample specific simulation input parameters for every sample
of wafer R1931. Figure 4.10a shows the resulting band structure profiles of several
samples lying on the P climb gradient which allow us to draw inferences about
the best parameters regarding the zge,,, and the P doping degree. On closer
inspection of the energy levels of the conduction band minima in the inset of fig-
ure 4.10a, we see that the increasing P doping concentration nearly compensates
the increasing effective Ge content. However, since the conduction band minima
slightly differ, we simultaneously observe a shift of the energetic position of the
P states which are ordered 45meV below the conduction band edge. As a con-
sequence of this interplay, the best sample region in order to achieve a relatively
high mobility and a high energy barrier (band offset), so that detrimental charge
reconfigurations can be longest suppressed, was discovered around the position of
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Figure 4.10: a) Band structure simulations of several samples in the ungated
region along the P climb gradient of wafer R1931. The simulations comprise the
deviations of the nominal doping degree as well as of Tge,,,. The little inset offers
a zoom into the band structure. As a consequence, we clearly see that the linear
increase in the effective Ge content nearly compensates the increase in the doping
degree. Thus, the best suited region to avoid charge reconfiguration lies around
sample R1931B12. b) displays the simulated (blue open circles) and experimentally
observed (black open cubes) carrier density values. The linear fit in red only serves
as a guide to the eye and indicates the good agreement between both values.

sample R1931B12, which contained an effective Ge content of approximately 35%
and a carrier density of ~ 3,0-10"em™2. Based on these findings, we conclude
that it is worthwhile to establish this charge carrier density as far as possible in
the upper half of the wafer since the best degree of relaxation R was found in this
area, see section 4.1.1.

Comparison of experiments and simulations: To reinforce the reliability of
the conducted nextnano band structure simulations and to strengthen the useful-
ness of our effective Ge content (z¢e,,,), degree of relaxation (R) and P doping
gradients, we in the following compared the experimentally determined charge
carrier density nygmeas With the simulated carrier density ng, along the zge,,,
and P gradients in wafer R1931. In figure 4.10b, we clearly see that both 7,4 meqs
and ng;, vary maximally by an order of 0,7-10%em ™2 in sample R1931E5. All
other investigated samples differed only slightly in simulated and experimentally
measured charge carrier densities. In fact, the astonishingly good agreement of
simulated and experimentally measured charge carrier densities points to the fact
that if the phosphorous cell calibration is correct and stable, the experimentally
measured data can be predicted relatively well using nextnano band structure sim-
ulations which are based on the universally applicable effective Ge content (z¢e,,,)
and P doping gradients. Additionally, this result again shows that it is possible
to draw inferences from the experimentally measured carrier density about the
volume doping degree in the modulation doping layer.
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4.3 Implementation of optimisation

In this section, we now tried to implement the optimisations, which were discov-
ered in the previous sections 4.2.3, to our Si/SiGe heterostructures. First of all,
we focussed on the readjustment of the desired density region. Therefore, we pro-
duced a first unrotated growth series consisting of three nearly identical wafers
(R2029, R2030, R2031), see figure 4.11a, with a fixed nominal Ge content of 35%
and varying nominal doping degrees in the wafer center.

a) b) A / c)
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Figure 4.11: a) Schematic drawing of the sample structure in wafer R2030. b)
Overview of the exact positions of several samples distributed across the wafer
R2050. The experimentally obtained P doping gradients are indicated with orange
arrows. The experimentally calculated Ny,eqs tn the wafer center amounts approxi-
mately 5,510 em™2. ¢) displays the results of both the carrier density n and the
mobility 1 in the ungated region in dependence of the wafer position. The quality
of the samples which s given by the maximum mobility is again highlighted in

different colours. Red indicates mobilities lower than 1-10* C{}f, mobilities in the

4 cm? 4cm? . . o
range of 1-10*57= to 2- 10 are shown in light blue, green stands for mobilities

. 4cm? 4cm?
in the range of 2-10°97%- to 4- 10

At the beginning of our experiment, we once again checked the linear P climb
gradient in wafer R2030 which contained a nominally wanted P doping degree of
1,1-10%em™3 (T = 652°C). In this context, several samples were investigated
regarding the charge carrier density and the mobility. Figure 4.11a shows the
heterostructure layout of wafer R2030, whereas figures 4.11b and c display the
sample positions on the wafer and indicate the mobility of every sample by dif-

ferent colours. Red still indicates mobilities below 1-10* C‘Tj, light blue denotes
mobilities in the range of 1 - 104% to 2-104 C"}f, whereas green illustrates mobili-

ties in the range from 2 - 104% to 4-10% Cvm;. As a matter of fact, we could confirm
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the linear P climb gradient from the Si cell up to the Ge cell direction and the
slight increasing gradient from the left to the right side of the wafer. The maximal
mobility ftugmaez =~ 3,0 - 104% was achieved in sample R2030C4 for a correspond-
ing density of nygmar ~ 3,6-10"em ™2, which strengthens our previous findings
regarding the best density region of approximately 2,5 —3,5- 10" em 2. However,
on closer inspection of the measured P climb gradient we see that the desired den-
sity region was still part of the bottom side of the wafer which represents the region
with the weakest degree of relaxation. Additionally, we compared the experimen-
tally measured charge carrier density in the wafer center 1,4 meas ~ 5,5 - 10 em ™2
with the simulated one which was obtained by nextnano band structure simu-
lations to exclude a possible shift in the P cell calibration. As a result, figure
4.12 shows that both 74 meqs and ng, differ only slightly from each other which
indicates that the SiGe:P calibration is still valid and seems to be stable.

In order to get a better statistics about the P doping profile and the stability of
the P cell calibration in SiGe over a longer period of time, we conducted further
magnetotransport measurements on 2DES. In a first step, we therefore examined
the other two wafers R2029 and R2031 2. Surprisingly, wafer R2029, which had
the nominally lowest doping degree of 9,0-107em™3 (Tp = 649°C), exhibited
the highest experimentally measured charge carrier density in the wafer center of
Nugmeas ~ 6,43 - 10 em 2. In contrary, wafer R2031, which contained the highest
nominal P doping degree of 1,3-10%cm =2 (T¢ = 655°C), showed a carrier density
of approximately 5,59 - 101 em =2 in the wafer center. Comparing again the results
of simulated charge carrier densities with the measured ones in the wafer center
leads to a very good agreement for wafer R2031, whereas the densities strongly
disagreed in wafer R2029, see figure 4.12. Indeed, the reason for this deviation from
the new developed SiGe:P SIMS calibration in wafer R2029 is not immediately
obvious. However, in order to adjust the desired density regime in the upper
half of the wafer we further reduced the GaP cell temperature. Furthermore, we
compared the simulated density ng;, with the experimentally observed density
value 7yg meqs in the wafer center to check the stability of the P calibration.

Following this strategy, we prepared two completely equal LT-Si based wafers
R2035 and R2036 ? grown at a slightly lower GaP cell temperature (T = 647°C)
with a nominal P doping concentration of 7,5-10'"cm 3. Both wafers were fabri-
cated within three days in order to test out the reproducibility of the GaP doping
cell. As a result, the P doping profile could be markedly reduced in both wafers
in comparison to the first growth series. Wafer R2035 contained a charge car-
rier density of approximately 4,7 - 10" cm~2, whereas test wafer R2036 showed a
lightly lower density of 3,910 em =2 in the vicinity of the wafer center. However,
although the densities have been decreased, the desired nominal charge carrier
density could not be shifted to the upper wafer half, see figure 4.12.

2The exact transport data maps of all investigated wafers during this thesis are illustrated in
appendix A
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Figure 4.12: Comparison of the experimentally obtained charge carrier densities
Nomeas With the simulated ones (N, ) in dependence of the GaP cell temperature.
Open triangles symbolize the measured data, whereas open cubes display the simu-
lated data. Additionally, the experimental and simulated data of test wafer R2036
is indicated by filled triangles (Mpmeas) and filled cubes (ngims) respectively. The
whole picture displays the enormous deviations between simulated and measured
data and therefore gives a distinct hint that the P cell behaves completely randomly.

Therefore, we finally produced one last wafer R2042 ? which was similarly grown
to the previously studied ones but where the GaP cell temperature was further
reduced to To = 645°C' which corresponds to a nominal phosphorous doping
concentration of 7,0 - 10'"em 2 with respect to the first SiGe:P calibration in wafer
R2019, see figure 4.7d. However, the results of the carrier density in the centred
sample of wafer R2042 were puzzling. Contrary to our expectations, the charge
carrier density was not markedly reduced but increased to values over 6 - 10tem =2
in the center of wafer R2042, see figure 4.12.

Conclusion: In this section we started off with a first unrotated growth series
of different wafers with varying P doping degrees in order to implement our op-
timisations so that a high quality 2DES can be realized. However, systematic
magnetotransport investigations of several samples, taken from the center of the
new wafers, showed a distinct discrepancy of simulated and measured charge car-
rier densities. In this context, especially the centred samples of wafer R2029 and
wafer R2042, which contained the nominally lowest P doping degree (lowest P
cell temperature), see figure 4.12; revealed dramatic deviations from the simu-
lated charge carrier density. Indeed, the results clearly point to the fact that the
temperature controlled GaP doping cell is not precisely controllable and stable
over time. However, a possible shift of the SiGe:P calibration over a longer period
of time could not be excluded so that the validity has to be checked.
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4.4 |Instabilities of the GaP cell

Sicap 5nm

Si0.65Ge0.35 245nm 1E19 R2048 slow P SIMS in SiGe
a) = b)
SiGe:P Tc=641°C 100nm

Si0.65Ge0.35 250nm 1377E18 1,760E18 =)

SiGe:P T,;=645°C 100nm 1E18 7,029E17 9 762ETT N gi

1 10000

Si0.65Ge0.35 250nm

SiGe:P T.=649°C 100nm

11000

P [at/cm’]

$i0.65Ge0.35 250nm TE17E

C [counts/s]

SiGe:P T,=653°C 100nm
Si0.65Ge0.35 80nm

1100

1E16 4
Si0.65Ge0.35 750nm E

LT- Si buffer 100nm . L f
Si buffer 118nm 0,0 0,5 1,0 1,5 2,0

Si substrate (100) depth[um]

10

Sicap 5nm

0) Si0.65G60.35 245nm d) r- R2051 slow P SIMS in SiGe :
SiGe:P T,=641°C 100nm 1E19 P
—-C
$i0.65Ge0.35 250nm si
1,476E18 -{ 10000

SiGe:P T,=645°C 100nm 1,175E18
1E18 6.674E17 9,488E17

Si0.65Ge0.35 250nm

SiGe:P T,=649°C 100nm

11000

Si0.65Ge0.35 250nm 1E17

P [at/cm’]

C [counts/s]

SiGe:P T,=653°C 100nm
Si0.65Ge0.35 80nm

1100

1E16
Si0.65Ge0.35 750nm H

LT- Si buffer 100nm N X
Si buffer 118nm 0,0 0,5 1,0 1,5 2,0

Si substrate (100) depth[um]

10

Figure 4.13: a) Drawing of the SiGe:P sample structure R2048. All four 100 nm
thick SiGe:P boxes are separated by 250 nm thick SiGe layers before the sample is
capped with a 245 nm SiGe and a 5 nm Si layer. b) High mass resolution SIMS
measurement of the phosphorous doping profile in wafer R2048. The boxes with
different P doping profiles (for 653°C,649°C,645°C,641°C') are clearly visible and
indicated by the blue curve. The doping degree and the corresponding GaP cell
temperature are illustrated in black numbers. Additionally, the Si and C concen-
trations are given by red and black curves respectively. ¢) Image of the SiGe:P
sample R2051. This calibration sample is completely identical to sample R2048.
d) shows the according SIMS results. However, the doping profile in the phospho-
rous doped boxes is lower than in sample R2048 but higher than in the first SiGe:P
wafer R2019, see figure 4.7d.
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In order to review now the validity of the current SiGe:P SIMS calibration (R2019),
displayed in figure 4.7d, we fabricated a new SiGe:P SIMS calibration wafer
(R2048) for comparison. However, this time we decreased the GaP cell tem-
peratures in each doping box about 4°C due to the high P doping profiles which
were observed in all wafers of the new growth series.

Figures 4.13a and b show the novel SiGe:P high mass resolution SIMS results
of a centred sample of wafer R2048 and the according sample structure. The
peaks/dips in the C' and Si concentrations once again separate the active P doping
sequence from the sample surface and the Si substrate respectively. After careful
consideration of the doping profiles, we see that each of the four P doped boxes
(Te = 641°C, 645°C,649°C, 653°C) exhibits a ~ 5-107cm™ higher P doping
concentration than in the first SiGe:P calibration wafer R2019. For this reason,
we conclude that the P calibration in SiGe changed markedly. In order to confirm
the new P calibration in wafer R2048 we then prepared another SiGe:P calibration
wafer R2051, illustrated in figures 4.13c and d, which was completely identical to
the previously studied one. Interestingly, the P doped boxes in wafer R2051
contained approximately 2 — 5- 10 em ™3 less P doping than in wafer R2048 but
about 3-10'¢m ™3 more phosphorous than in the first SiGe:P calibration wafer
R2019, compare with figure 4.7d. As a result, figure 4.14 displays an overview of
all three calibration curves which were extracted from the SIMS results in the three
wafers R2019, R2048 and R2051. On closer inspection of the desired doping range
of 0,7—1,0-108cm =3 3, we clearly see that the deviations in the P concentration
at equal GaP cell temperatures are approximately 2—3-10'7em 3. Actually, these
deviations make it almost impossible to precisely employ the wanted density region
in the upper half of the wafer.

Conclusion: The SIMS results of the new SiGe:P calibration wafers demonstrate
that the P calibration is not reproducible, not even within a few days. Indeed,
we obtained deviations on a scale of ~ 2 — 3-10"cm ™3 between all three investi-
gated calibration samples R2019, R2048 and R2051. Moreover, in this context we
already identified that two-dimensional electron systems, which exhibit nominally
the same parameters, behaved very different, see section 4.3. However, since we
found out that the zge ., R and P gradients are very stable over a long period
of time, we suppose that this instability is caused by the GaP doping cell. Un-
fortunately, there were no systematic studies on the P doping in the past so that
it is unclear whether the GaP cell got worse or if there is a conceptual prob-
lem. Furthermore, our analysis clearly shows that the SiGe:P calibration was not
continuously shifted and provided evidence that the GaP cell behaved randomly.
All in all, the results rather point to a conceptual problem with the temperature
control in the GaP doping cell which makes it very difficult to employ the desired
density region. As a result, we conclude that the performance limit of the GaP
doping cell seems to be reached.

3The corresponding density range is approximately 2,5 — 3,5-101em=2.
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Figure 4.14: Overview of all three P cell calibration curves which were extracted
from the SIMS results of the centred samples. Close inspection leads to the insight
that the calibration curves differ strongly from each other in the interesting P
doping regime of 0,7-10%¥em ™3 to 1,0-10%¥em 3.

4.5 Mobility analysis

In the previous sections 4.3 and 4.4, we showed that the desired doping range of
2,5—3,5-10"em =2 could not be adjusted in the upper part of the wafer since the
GaP doping cell was not precisely controllable. Nevertheless, figures 4.15a and b
exemplarily show that if we extract samples with a fairly convenient charge carrier
density and a Ge content of approximately 35% from a wafer, which was fabricated
during the new growth series, relatively high mobilities up to approximately 2,5 —
3,0- 104‘3"/”—82 could be observed in the ungated region. Based on these facts, we in
the following reveal that the new Si/SiGe 2DES are nevertheless suitable to form
a basic platform for high mobility field-effect devices. In a first step, we briefly
show the field-effect influence on the mobility of the samples in wafer R2030. In
the second part of our investigation, we performed a scattering time analysis to
discover further mobility limiting processes in Si/SiGe heterostructures.

4.5.1 Record mobility

To start our analysis, several samples across the entire wafer R2030 were covered
with Schottky top-gates and checked for the maximal achievable mobility. Fig-
ures 4.15a and b give an overview of the maximal charge carrier density and the
mobility in dependence of an applied gate voltage in the overall gate controllable
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Figure 4.15: a) Overview of the exact positions of several samples distributed
across the wafer R2030. The experimentally obtained P doping gradients are indi-
cated with orange arrows. b) displays the results of both the carrier density n and
the mobility p in the ungated as well as the gated region in dependence of the wafer
position. The mazimum mobility, is highlighted in different colours. Red indicates
mobilities lower than 1- 1040‘2’;2, mobilities in the range of 1- 104% to 2- 104%
are shown in light blue, green stands for mobilities in the range from 2-104%

to 4-10% c"}f, whereas yellow displays mobilities over 4 - 104%. Furthermore, the
maximal gate controllable interval is illustrated. Samples R2030C2 and CJ were
additionally covered with an Al,O3z gate insulator so that mobilities even up to

~5- 104% could be reached.

region *. The maximal mobility of all gated samples was highlighted in different

colours. Red denotes mobilities worse than 1,0-10% C{}f, light blue stands for mo-

bilities between 1,0 —2,0-10* c"}f and green indicates mobilities from 2,0 - 104%

to 4,0- 104%, whereas yellow displays mobilities over 4,0 - 104%. As a result,
we could determine a new record mobility of 4,78 - 1046{/”—82 concerning our MBE
system in the Schottky top-gated LT-Si based sample R2030C3 which exhibited
a carrier density of 3,74 -10"cem ™2 in the ungated region. Figure 4.16 shows the
corresponding magnetotransport measurement results for the maximal achievable
gate voltage of Ug = 0,48V as well as for two lower gate voltage values. The
maximal mobility was calculated from the slope in the Hall resistance at low
magnetic fields (B<1T) and from the minima in the Shubnikov-de Haas oscilla-
tions. In the scope of our analysis, we furthermore identified mobilities even up to
> 5,0- 104% in samples R2030C2 and R2030C4 which were additionally covered
with an Al,O3 gate insulator material between the Schottky top-gate and the
sample surface.

4 An exact overview of all other investigated wafers concerning the maximal density and mobility
in the gated as well as the ungated regions of each and every sample is given in A
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Figure 4.16: Shows the Hall resistances of sample R2030C3 and the correspond-
ing Shubnikov-de-Haas oscillations in dependence of the applied magnetic field B
for three applied gate voltages. The mazimal calculated mobility from the linear

regime at low magnetic fields (B<1T) in the Hall resistance and from the minima
in the SdHs yield about 4,78 - 104% for a mazimal gate voltage Ug = 0,48V .

In conclusion, these results definitely show that although we were not able to
establish stable low and reproducible charge carrier densities in the upper half
of the wafer, where both a high degree of relaxation (R) and a high effective Ge
content (rge,,,) are achieved, a good basis for high quality field-effect devices
could be developed.

4.5.2 Scattering time analysis

In order to find out more about the remaining mobility limiting processes in our
Si/SiGe heterostructures, we in the following investigate scattering mechanisms
and perform a scattering time analysis based on the evaluation of the low-field SAH
oscillations. In a first step, we therefore give a brief overview about the theoretical
background, discuss the physical meaning of the special scattering times before
we then analyse the gate dependent experimental results.

Theoretical background: The scattering time analysis mainly considers the
influence of different scattering mechanisms in two-dimensional electron systems
and is based on the evaluation of the Dingle ratio

Tt

a=- (4.1)

Ts
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in which 7, is the single-particle relaxation time and

pm”

(4.2)

T =
e

displays the transport lifetime with m* being the effective electron mass and e the
elementary charge. The single-particle relaxation time depends on the increase
in the low field SdH amplitude and is correlated to the Landau level broadening,
whereas the transport lifetime can be directly calculated from the measured mo-
bility p. In the transport theory the transport lifetime can also be derived from
the Boltzmann equation to:

L /d@P(k, k') (1 — cos©) (4.3)

Tt

with P(k, k) being the quantum mechanical transition rate between states with
momenta k and k', whereby © stands for the scattering angle. In this notation
the single-particle relaxation time is described by

le / dOP(k, K (4.4)
and can be determined by evaluating the low-field SdH oscillations in the low
magnetic field regime of the longitudinal resistance. In this work we mainly used
a model proposed by Ando et al. [101], which was later on modified by Bockelmann
et al. [102] to extract the single-particle relaxation time. The central idea in this
model is that the transport lifetime determines the classical part of

m* &

= X (14, 75, B)e™ e, 4.5
ne2r; sinh & (72,75, B)e (45)

|Apee(B)|

whereas the single-particle relaxation defines the quantum mechanical corrections
given by
M(weTs) [(wer)? — 1+ 372772 + 72772

X(1,715,B) = - 4.6
77 ) [+ (e PIL+ (@) (46
with a temperature dependent function
27T2kBT
= —. 4.7
£= (17)

Here, |Ap..(B)] is the low-field amplitude in dependence of the magnetic field B,
n stands for the charge carrier density and w, = fn—B* is the cyclotron frequency.

Physical meaning of 7, and 7;: The single-particle relaxation time 74 corre-
sponds to the total scattering time of the system since all scattering angles are
incorporated and weighted equally according to equation 4.4. Moreover, 7, is a
measure for the mean time a carrier remains in a particular momentum eigen-
state before it is scattered. In contrary, the transport lifetime 7, emphasises the
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Figure 4.17: a) Overview of the gate dependent SAH oscillations in the up sweeps
of sample R2030B7. b) shows the exponential fits to the extrema of the sym-
metrised data for an applied gate voltage of Ug = 0,4V in sample R2030B7.
Based on this fits the single-particle relazation times could be extracted from both
the mimima and mazima.

importance of large angle over small angle scattering events. The ratio between
transport lifetime and single-particle time, a = 7;/7 can be derived from the
magnetic field dependent amplitude of the SAH oscillations and provides informa-
tion about the predominant large or small angle scattering mechanisms. A typical
source for small angle scattering are long-range (Coulomb) potentials caused by
remote or background impurities which were shown to significantly hamper the
mobility in high quality Si/SiGe heterostructures [103, 104, 13, 105]. In this spe-
cial case the dingle ratio o > 1 [106, 51]. In contrast to that, interface and alloy
scattering are usually associated with short range scattering events indicated by
a =~ 1 [20]. Additionally, it is important to know that the first mechanism varies
regarding the channel thickness d with 1/d® and therefore gets dominant for thin
Si channels.

Experimental aspects and results: In our analysis, we focused on the low-field
SdH oscillations where the spin degeneracy is not lifted [104]. Figure 4.17a presents
the gate dependent SdH oscillations in sample R2030B7 as a function of the ap-
plied magnetic field B. The transport lifetime is calculated by using equation 4.2.
In contrast, figure 4.17b shows the determination of the single-particle relaxation
time for an applied gate voltage of Us = 0,4V by performing an exponential fit to
the symmetrised SAH oscillations based on equation 4.5. More information on the
fitting procedure can be found in the thesis of Lang [85]. The results of the fits to
the SdH minima and maxima were almost identical so that we in the following con-
centrate on the fits to the SAH minima. However, it is important to mention that
in the gated samples it was only possible to extract the single-particle relaxation
times for gate voltages higher than Us = 0, 1V because of too little oscillations for
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R2030B7 | Ug |V]| | 7t [pS] | Ty pS] | Tsp |DS| | 750 [PS] | o0 | o

0,1 1,32 1,08 NaN NaN NaN | NaN
0,2 2,13 1,71 1,28 1,56 1,66 | 1,09
0,3 2,79 2,22 0,80 1,02 3,50 | 2,17
0,4 3,38 2,82 0,57 0,72 5,94 | 3,94

0,47 | 3,63 |341 049 048 | 747 | 7,0
R2030B6 | Ug [V]| | 7t [pS] | Ty [PS] | Tsn |PS| | 75y [PS] | o | o

0,1 0,90 0,79 NaN | NaN | NaN | NaN
0,2 1,36 1,23 0,64 0,64 2.13 | 1,92
0,3 1,82 1,63 0,59 0,63 3.07 | 2,58
0,4 2,19 2,10 0,56 0,52 3,92 | 3,79

0,46 | 2,31 2,33 0,53 0,54 438 | 4,33

Table 4.1: Quverview of the gate dependent Dingle results in sample R2030B7 and
R2030B6. The data were obtained by an exponential fit to the SAH minima. The
black little arrows T and | indicate the experimentally obtained values of the up
and downsweep respectively. Interestingly, o increases with increasing gate voltage
Ug which means that scattering on remote and/or background impurities rises. In
comparison to sample R2030B7, sample R2030B6 showed lightly lower values of
a with increasing gate voltage. This circumstance can be possibly attributed to a
slightly higher modulation doping profile which lies only 15nm above the quantum
well (QW). Consequently, short range scattering mechanisms might become more
dominant.

low bias voltages. The final gate dependent Dingle results conducted in sample
R2030B6, R2030B7 as well as the ungated test sample R2030B8 are illustrated
in figure 4.18 and table 4.1 for the B field up and the down sweeps. Regard-
ing the results of the Dingle analysis in the samples R2030B7 and R2030B6, we
see that the transport lifetime increases with increasing gate voltage (increasing
carrier density n) independently of the B field up and down sweep. In contrast
to that, the single-particle relaxation time decreased in sample R2030B7 for an
enhanced gate voltage, whereas it nearly stayed constant in sample R2030B6. A
possible reason for this observation could be the lightly higher modulation dop-
ing degree in sample R2030B6, which is about Np = 1,45-10"8cm 3, whereas we
have approximately Np = 1,25-10%cm =2 in sample R2030B7. If we consider that
the doping layer lies only 15nm above the QW, we can imagine that short range
scattering events could become more prominent in this case. In addition to that,
test sample R2030B8 without a palladium (Pd) top-gate showed a Dingle ratio of
a =~ 2 which also indicates dominant long range scattering. Moreover, this result
is in perfect agreement with former investigations of Lang and Ibrahim [85, 107]
who also demonstrated that long range scattering events are the main mobility
limiting mechanisms. In summary, we mainly observed dingle values were o > 1
so that long range remote and/or background impurity scattering are identified
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Figure 4.18: Overview of the gate dependent Dingle rate analysis in samples
R2030B6, R2030B7 and R2030B8 (ungated sample) as a function of the charge
carrier density n for both the magnetic field up and down sweeps. The horizontal
line at o« = 2 is just a guide to the eye and represents the Dingle ratio in the
ungated case and for an applied gate voltage Ug = OV respectively.

to be the dominant scattering mechanisms. However, it is not possible with this
analysis alone to discriminate between remote or background impurity scattering.
Therefore, another approach which will be discussed in the following is necessary
to solve this open question.

Remote and/or background impurity scattering: In order to discriminate
between the different scattering mechanisms, we now focus on a second model
which is based on the evaluation of the behaviour of the electron mobility © on
the charge carrier density n. Therefore, in the following we first present the link
between density and mobility in the different scattering mechanisms before we fi-
nally make statements about the dominant scattering event and give an estimation
of a possible background doping.

Remote impurity scattering on doping atoms in the barrier: This scat-
tering mechanism is especially dominant for low temperatures. In contrast to all
other parts in our heterostructures, which can be improved by a better material
quality, doping atoms are almost irreplaceable since they provide charge carriers
for the QW so that a distinct measure of scattering events on this impurities is
inevitable. In a first approach, the correlation between n and p is given by [108]:

16(mg,gs)" 2en/2d3

remote — 4.8
Hremot AN, (4.8)

Here, g,, gs are the valley and spin degeneracy factor, ds denotes the effective
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Figure 4.19: a) Fit to the first density regime during the B down sweep in sample
R2030B7. We extracted a parameter b = 0,52 and Ny, = 2,93-10%em™2. b)
shows the according fit to the second density regime where we obtained b =~ 2.

distance between the QW and the impurity atoms also called spacer layer, whereby
Ny is the area concentration of the impurities.

Background impurity scattering: In 1984, Walukiewicz et al. already mod-
elled the influence of the impurities on the p(n) correlation for GaAs/AlGaAs
heterostructures [109, 110]. Their results show that the relative importance of
background impurity over remote impurity decreases with increasing sheet carrier
density. For a 2DES in Si, Gold similarly found several equations which allow
to distinguish between the main scattering mechanisms [106]. For background
impurity scattering he found

2e 1/2

ack — T 4.9
Hback = O+ N n (4.9)

with Npeer being the density of background impurity scatterers and a represent-
ing contributions from other scattering sources. Moreover, he predicts that for
n > 102em ™2 and a spacer thickness of d; > 4nm remote doping limits the mo-
bility in Si QWs, whereas homogeneous background impurity scattering becomes
dominantly for n < 10*2¢m =2

Fitting u(n) curves: Equations 4.8 and 4.9 obviously show the connection be-
tween n and u. Applying now a fit of the form

p=a-n"+c (4.10)

to the experimentally obtained down sweep data of sample R2030B7 allows us to
distinguish between remote and background impurity scattering. As a result, we
obtained two density dependent scattering regimes. In the first density section
with n ~ 1,9 — 2,6- 10" em ™2, we achieved a good fitting result with a goodness
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of fit R? = 0,981 and extracted a fitting parameter b = 0, 52 which confirms that
the dominant scattering mechanism in this density range is background impurity
scattering, see figure 4.19a. On top of that, we could evaluate the density of the
background impurities Nyger ~ 2,93 -10°cm ™3 which is in very good agreement
with former investigations of Sailer and Wild [25, 13]. In contrary to these observa-
tions, we extracted, in the second density regime where n ~ 2,6 —4,95- 10" em =2,
a parameter b ~ 2 for a fitting accuracy of R? = 0,986. Indeed, this is a strong
hint that inside this density section scattering on remote impurities is the main
mobility limiting mechanism, see figure 4.19b. Additionally, we also checked the
up sweeps in sample R2030B7 and performed the same examination in sample

R2030B6. We obtained similar results which are summarized in table 4.2.

sample ny [10Mem™2] | by Nyaer [105em ™3] | ng [10Mem™2] | by
R2030B6, 2,0-3,4 0,49 | 2,10 3,4-5,5 2,00
R2030B6, | 2,745 0,50 | 4,18 1555 2,02
R2030B7, | 1,92,6 0,52 | 2,93 2.6-5,0 2,03
R2030B7, | 2,23, 0,51 | 3,42 3,9-5,0 2,03
R1812 Sailer | 1,22,7 0,50 | 6,62 - .
R1870E Wild | 1,2-2,2 0,50 | 1,86 - -

Table 4.2: Overview of the fitting results of the p(n) curves. As a result, we ob-
tained two density regimes were we found background or remote impurity scattering
to be the dominant scattering mechanisms. Moreover, we present for comparison
the results of Sailer and Wild [25, 13] who also performed a scattering time anal-
ysis in Si/SiGe heterostructures.

4.6 Conclusion

In this chapter, we studied LT-Si and graded buffer based Si/SiGe heterostructures
by XRD RSMs, standard magnetotransport and SIMS measurements as well as
nextnano band structure simulations. In the scope of our analysis, we systemati-
cally investigated and for the first time precisely mapped the effective Ge content
(Tge,;;), the degree of relaxation (R) and P doping gradients which arise on a
wafer in an unrotated growth process due to the MBE cell geometry. Based on
our experimental findings, we unveil a strong reproducibility in time and useful-
ness of the recorded gradients for the optimisation of the current heterostructure
design.

First, we determined the best charge carrier density region to lie in the range of
2,5 —3,5-10"em ™2 and showed relatively high mobilities in the ungated region
in comparison to earlier fabricated two-dimensional electron systems. Secondly,
we applied nextnano band structure simulations for several samples lying on these
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gradients using experimental input parameters which were extracted from the
observed zge,,, and P gradients. In this way, we were able to study the interplay of
the increasing P doping and the simultaneously rising zge, ,, gradient which finally
allowed us to determine the optimal parameter region on a wafer to produce a high
quality 2DES in which charge reconfigurations are minimized while simultaneously
high mobilities can be reached. As a result, we found the best parameter region
around a sample which contained an effective Ge content of x¢e, P 35% and a
carrier density of approximately noprg ~ 3,0-10"em™2. Since we observed the
highest degree of relaxation in the upper half of the wafer, it is advisable to set
this density range as far as possible in this region.

In order to precisely adjust the desired doping profile, an accurate P calibration is
necessary. Starting with an old P calibration in Si, which was traditionally used
in the past few years, we developed an optimized P calibration in SiGe, where
the P doping deposition is conducted very similarly to the modulation doping
process in Si/SiGe heterostructures. However, all attempts to establish stable and
reproducible modulation doping profiles in our two-dimensional electron systems
failed which leads us to the conclusion that the performance limit in terms of
controllability of the GaP doping cell is already reached.

Nevertheless, if we extract samples from a wafer fabricated during the new growth
series, which exhibit a fairly convenient charge carrier density in the ungated
region and a Ge content of approximately 35%, we showed that covering these
samples with gates results in the highest reported mobilities of LT-Si based two-
dimensional electron systems. These results show that a good basis for high
mobility field-effect devices can be formed.

We also performed a scattering time analysis to determine other mobility lim-
iting processes concerning Si/SiGe heterostructures. As a result, we discovered
that long range scattering events are the dominant scattering mechanisms in our
51/5iGe heterostructures which is in good agreement with former investigations
of Lang and Ibrahim [85, 107]. Furthermore, we found two density regimes in our
samples, where we could discriminate between background impurity and remote
impurity scattering as the dominant scattering mechanism. Finally, we estimated
the background impurity concentration to be on a scale of Nyge, = 2—4-10%em ™3
which is also in good agreement with previous results of Sailer and Wild [25, 13].



5 Field-effect control of 2DES in
Si/SiGe

A precise electrostatic control of two-dimensional electron systems is essential to
realize high quality gate defined few electron QDs. However, the manipulation of
a 2DES is often restricted by unwanted charge fluctuations which were observed
by several groups [13, 14, 15|. The origin of these phenomenons could not be
completely clarified up to now. In order to get a better understanding of the
underlying effects, we systematically investigate Hall-bar shaped Schottky-gated
Si/SiGe two-dimensional electron systems from different wafers and at different
wafer positions. Starting with the findings of Wild et al. [13], see section 2.5.2,
we mainly used the charge carrier density as a sensing observable to detect charge
transfer processes and compare our results with nextnano band structure simu-
lations. In this context, the current charge reconfiguration model suggested by
Wild and coworkers [13] is modified and extended.

5.1 Time resolved jump measurements

Figure 5.1a shows the typical behaviour of the 2DES density n as a function of
the gate voltage Ug in a top-gated Si/SiGe heterostructure. We have already
mentioned in section 2.5.2 that sweeping Ug beyond the linear regime labelled
"I" to the saturation regime II induces a hysteretic behaviour of n. Therefore,
we introduced a model by Wild et al. [13] based on charge transfer processes
which are activated when reaching regime II. In this model in the linear regime
I, no detectable charge reconfigurations occur. On the other hand regime II is
determined by a massive charge carrier transfer process into the barrier since
increasing the gate voltage leads to a situation where the P levels reach the Fermi
level (EF) or even fall below it so that tunnelling events from the 2DES into P
states are facilitated. The hysteretic difference between regime II (up-sweep of
Ug) and TII (down-sweep of Ug) is explained by a strong asymmetry in the charge
carrier transfer process involving P states. As soon as the last P states are lifted
above the Fermi energy at a threshold value of Ug the depletion of the P states
is accelerated resulting in a shallower n versus Ug slope which is characteristic of
regime IV, see figure 5.1a. To extend this study based on continuously sweeped
voltages and to test the model we have conducted experiments in which a gate

73
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Overview R2030B6 n vs FG R2030B6 Jumps T=1,4K

—U =0V
6 2 | ) ——Ug=0,1V
| —R203086 U=061V I 5 —U,=0,2v
- —U.=0,3V
b1 Ug=0,4V
o opian
24t
= |
3k
L 2L
1 " 1 1 " 1 1 1 1 " 1 " 1 " 1 1 L 1 n
0,1 0,0 0,1 0,2 0,3 0,4 0,5 0 100 200 300 400 500 600
UsV] time [s]

Figure 5.1: a) shows the n versus Ug gate sweep curve of sample R2030B6.
All four regions in the hysteresis curve, as suggested by Wild et al. [13], are
indicated by black Roman numbers. Moreover the up and down sweeps are labelled
by black arrows. b) Ouverview of the time resolved gate jump measurements in
sample R2030B6 for several end wvoltage values Ug at T = 1,4K. The voltage
end values of the jumps varied between 0V and 0,4V and the time dependent
charge carrier density change was faster for higher end voltages. Additionally, the
determination of the initial (n;) and final (ny) charge carrier density as well as
the difference An between them are exemplarily displayed. Comparing the jump
with the sweep measurements, we see that charge transfer processes should also be
possible within the linear regime I.

voltage lying within the hysteretic sweep curve is quasi instantaneously applied
to a depleted 2DES. In the following, we denote these experiments as gate jump
measurements.

Gate jump measurements: In a first step, we recorded time resolved gate jump
experiments at 7' = 1,4K. Starting from the reset point Uy !, which depletes the
2DES and removes all electrons from the barrier region above the QW, we pulsed
the top-gate voltage with a rate of 1,0-10*™ to different voltage end values (Ug)
within the maximally gate controllable interval and then monitored the temporal
evolution of the 2DES density n. During the pulse phase and stabilization, the ex-
perimental signal does not depict the real behaviour of the observable n due to the
limited bandwidth of the measurement set-up. Figure 5.1b exemplarily shows the
measured time resolved charge carrier density results of sample R2030B6 for sev-
eral voltage values Ug. Interestingly, the density increases slightly for an applied
gate voltage value of Ugx = 0V from n ~ 2,8-10"em™2 to n ~ 3,0-10%em =2,
whereas for positive gate voltages with Ug > 0, 1V the density decreases markedly,
e.g. for Ug = 0,4V from n ~ 6,1-10"em ™2 to n ~ 5,25- 10" em 2.

'We always used Ugr = —1,5V with a reset duration of 7, = 5min
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Figure 5.2: a) Overview of the temperature dependent charge carrier density
changes An after a pulse with a pulse duration of 7, ~ 1s was conducted to
different end voltages Ug. Interestingly, for voltages with Ug < 0,1V we observed
that the recorded density An is positive. Moreover, the quasi equilibrium state,
where the time evolution of the density was constant, changed form Ug =~ 0,08V
at T = 1,4K to Ug = 0,17V for T > 9,0K. Additionally, the density changes
are relatively similar for T = 9,0K and T = 15K and differ only weakly. b)
Exemplary picture of a double exponential fit to one of the time resolved jump
measurements for a gate voltage of Ugp = 0,4V at T' = 1,4K.

To quantify these dynamics of the charge carrier density concentrations, we in the
following consider the difference between the initial n; (first measurement point)
and the final ny (after long times, here 600s) charge carrier density which is given
by An = ny — n;, as labelled in figure 5.1b. The evolution of the carrier density
change An as a function of different end voltage values is shown in figure 5.2a
for sample R2030B6. The covered voltage region ranges from 0V to 0,4V . For
Ugr < 0,1V, the density increases after the pulse (An > 0) whereas for higher pulse
amplitudes with Ug > 0,1V, we discovered that the density decreases (An < 0)
after the pulse. In this context, we observed the strongest density decrease of
about 0,8-10'em =2 for the maximal gate voltage of Up = 0,4V. Additionally,
we found a quasi equilibrium state (An = 0) for an applied gate voltage of Up ~
0,08V which means that the carrier density holds constant throughout the entire
measurement. While the density decrease (An < 0) and the equilibrium state
(An = 0) can be understood within the charge transfer model proposed by Wild
[13], the origin of the density increase (An > 0) is unclear up to now and has
to be further investigated. Figure 5.2a also shows the equivalent experiments
conducted at 9,0K and 15K. At first glance, we clearly see a distinct difference
of the charge carrier density change between T'= 1,4K and T' > 9,0K of An =~
0,3—0,5-10"em ™2 for each voltage value. In contrary, the charge carrier density
change between 9,0K and 15K was very weak (maximal An = 0,1-10"cm™2)
and showed a similar behaviour. Additionally, we observed a T" dependent shift
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Figure 5.3: a)and b) Overview of the extracted charge transfer times until an
equilibrium ensures. The extracted longer decay times 1 were about several 100s,
whereas the second decay time 1 was in the range of several 10s. Interestingly,
both times showed a gate voltage and temperature dependence.

of the quasi equilibrium state to a voltage of Ug =~ 0,17V for T' > 9,0K. If the
temperature was increased above T' = 15K, we always obtained An = 0 indicating
that charge transfer processes are then thermally assisted and are too quick to be
detected.

Charge transfer time investigation and discussion: Figure 5.2b exemplarily
shows a fitting result of a time resolved jump for a gate voltage of Up = 0,4V at
T = 1,4K. The best fits, especially for higher voltage end values, were determined
by using a double exponential decay function of the following form:

y=yo+ A" 4 Aye /™ (5.1)

We obtained a long (71) and a short (73) decay time, whereby both get faster with
increasing gate voltage Ug and/or T, see figures 5.3a and b. The decay times
were on a time scale of several 10 or 100s. While the origin of the second fast
decay time (72) could not be clarified up to now, the meaning of the long decay
time (1) can be understood within a quantitative charge transfer model which
will be discussed in the following taking the density of states in the 2DES as well
as in the modulation doping layer into account. In general such charge transfer
processes or tunnelling events from an initial ¢ to a final state f can be described
by Fermi’s golden rule

ooy = [ dBST | Ms(E) P p(E)os(E) (52)

where M;_,;(F) is the tunnelling matrix element and p;/;(£) are the densities of
the occupied initial and final states in an absolute energy scale E. This equation
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Figure 5.4: a) Band structure profile of a jump (Ug) out of the reset to a positive
gate voltage of Ug = 0,1V . The energetic position of the P states is illustrated by
Ep, whereas Er describes the position of the Fermi energy and Ecp displays the
conduction band energy. In case when Ep ~ Er, we clearly see a charge transfer
process from the QW into the doping layer (indicated by the big black arrow) which
results in a decrease of the carrier density in the 2DES. However, since the charge
transfer rate from the 2DES into the barrier is lower than the gate sweep rate, the
tunnelling events are not visible within the linear regime. b) Image of the according
band structure profile for a gate voltage of Uy = 0,4V when Ecp = FEpr. Here,
we observe a strong direct charge carrier transfer process into the conduction band
minimum followed by a relaxation into the P states which enables a faster density
decrease in the jump measurements. Indeed, the charge transfer rate gets faster
than the sweep rate so that a saturation plateau appears.

can be rewritten as
2m
ooy = [ 4B | Moy (B) P DUAE)I(E - Er) - DAEYL - J(E - Erp), (53

with the densities of states D;/;, the Fermi distribution f and the local Fermi
energy Ep;/¢. In the low temperature regime, f is given by a step function and
D; = gsg,m*/(2mh?) is the constant density of states of a 2DES, where g, stand
for the spin and valley degeneracy factors. However, since we have almost no
knowledge about the density of the final states D, in the doping layer, we cannot
further specify the matrix element.

Development of a quantitative charge transfer model: Based on our ex-
perimental findings from section 4.2, where we discovered a random behaviour
of the temperature controlled GaP doping cell resulting in very high P doping
concentrations in almost all wafers of the new growth series, we infer from sample
specific band structure simulations that the conduction band (Ecp) minimum in
the SiGe:P doping layer is energetically decreased due to a P "overdoping" which
means that the P atoms reach the Fermi level (Er ~ Ep) at the starting point of



78 Field effect control of 2DES in Si/SiGe

our measurements. This circumstance was not considered in the picture of Wild
et al. [13] and in the following is included in our considerations.

Figure 5.4a shows an image of the band structure profile of sample R2030B6 for
a jump (Ug) out of the reset (upper band structure profile) to a positive voltage
value of Ug = 0,1V (lower band structure profile). Since the phosphorous atoms
already reach the Fermi level, a charge transfer process from the QW into the
doping layer sets in which leads to a decrease of the charge carrier density in the
2DES. Comparing this picture with figures 5.1a and b clearly points to the fact
that charge reconfigurations are possible within the linear regime I since the gate
voltage value of 0,1V is in the center of the linear regime in the n versus Ug gate
sweep curve and we simultaneously obtain An < 0 in the gate jump measurements
for Ug = 0,1V. This finding is in contrary to the suggestions of Wild et al. [13]
and also implies that the charge transfer rate from the 2DES into the P states,
which is equivalent to a tunnelling event from 2D into 0D, has to be distinctly
slower than the gate sweep rate. Comparing the measured charge carrier transfer
times in figure 5.3a, which are on the order of 7 ~ 400s, with the sweep rate
(1 — 2mV/s), clearly provides evidence that this assumption is fulfilled because
the sweep duration to a gate voltage of Us = 0,2V at the end of the linear regime
would only last 150 — 300s.

In a next step, we consider a gate jump Ug out of the reset point to a higher gate
voltage value, e.g. Ugp = 0,4V . Figure 5.4b displays the according band structure
profile. In this case, the conduction band minimum already reaches the Fermi
level (Ecp = EF) so that a fast charge carrier transfer process from the 2DES
into the conduction band (3D system) followed by a quick relaxation process into
lower lying P states takes place. Based on this picture we can understand the
development of a saturation plateau II as shown in figure 5.1a since the experi-
mentally obtained charge carrier transfer times of 7 ~ 150 — 250s, illustrated in
figure 5.3a, are faster than the corresponding sweep duration to Ug = 0,4V which
amounts to 250 — 500s. Indeed, this observation points to the fact that for higher
gate voltage values the charge transfer rate becomes faster than the gate sweep
rate which means that the density decrease gets visible in the n versus Ug gate
sweep curve and finally results in a saturation.

5.2 Capacitive coupling between gate and 2DES

In this section, we explicitly focus on the capacitive coupling C,, = fT”G between
the 2DES and the Schottky top-gate with respect to the underlying P doping
gradient. This coupling, which can be directly extracted from the linear regime in
the n versus Ug curve, is of pivotal importance to realize an accurate manipulation
of electrons in a 2DES. For this purpose, gate sweep measurements were carried
out with the help of the standard magnetotransport set-up, see section 3.6.3.
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P
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R2030| ungated region gate controllable region
Ny max [1/em’] | intervall V][ Ugmax [V1|dn/dUg [V/em®]
A2 0,39 0,51
A4 0,32 0,47
a6 I
B4 0,65 0,50
B6 4, 51E+11 0,61 0,51 7,70E+11
B7 4,33E+11 0,52 0,47 7,51E+11
B8 0,50 0,38
Cl1 0,78 0,52

Figure 5.5: a) Overview of the exact positions of several samples distributed
across the wafer R2030. The experimentally obtained P doping gradients are in-
dicated with orange arrows. The calculated density n in the wafer center amounts
approzimately 5,5- 101 em™2. b) displays the results of the carrier density nug max
in the ungated Hall bar region in dependence of sample position on the wafer. Fur-
thermore, the mazximal gate controllable interval and the capacitive coupling C,,
calculated from the slope in the n versus Ug curve are illustrated. Interestingly, C,,
increases with increasing P concentration (increasing nug,mam). This observation
is indicated by the rainbow colour gradient (from wiolet to red).

Figures 5.5a and b exemplarily give an overview of the experimentally obtained ca-
pacitive couplings (C,,) in Schottky-gated samples of wafer R2030. Interestingly,
C,, increases with increasing charge carrier density in the ungated region along the
P doping gradient. This interplay is illustrated by a rainbow colour gradient start-
ing at the bottom (violet colour) and ending up at the wafer median (red colour).
The fact that the measured capacitive coupling C,, of our 2DES apparently de-
pends on the P doping concentration in the modulation doping layer is surprising
and counterintuitive. Moreover, this observation is not explicable with the theo-
retical predictions of the capacitive coupling (Cy;,) model developed by Thn [35],
see equation 2.23. According to this formula, which includes solely an effective Ge
content but no P doping dependence, the theoretical capacitive coupling amounts
to 8,9 — 9,2-10"Vem™2 regarding the coloured samples of wafer R2030. How-
ever, we only attain C,, ~ Cy, for charge carrier densities with n > 5,2-10%em =2,
whereas for lower densities the measured and the theoretical capacitive couplings
differed up to 28%, compare with sample R2030B8. Regarding this mismatch
of the theoretical (Cy,) and measured (C,,) capacitive couplings, raises the ques-
tion of the validity of Cy,. In the following, we investigate an additional possible
influence of the P doping gradient on C,, and Cy,.
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a) Bandstructure profile R2030 with 15nm thick doping layer b) Magnitude of neutral P atoms in samples of wafer R2030
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Figure 5.6: a) Zoom into the band structure profiles of several samples along the
P climb gradient in wafer R2030. The simulations were performed with sample
specific input parameters which were extracted from the experimentally determined
TGe,,; and P gradients, see section 4. The Fermi energy is given by Er, whereas
the energy of the P atoms is given by Ep. Additionally, the experimentally mea-
sured charge carrier density Npeasug and the effective Ge content, are indicated.
b) shows the simulated percental magnitude of neutral P atoms for the measured
charge carrier densities of different samples along the P gradient with a modula-
tion doping layer of 15nm and 20nm (5nm P segregation) respectively.

Based on former investigations of several groups who studied the polarizability
of neutral impurities in doped semiconductors [111, 112, 113, 114, 115, 116] and
demonstrated the distinct polarization influence on the dielectric constants as
well as on the capacitive coupling, we assumed that in our case a polarization of
phosphorous atoms in the modulation doping layer could also be possible. This
assumption should be justified since we already identified markedly higher doping
profiles due to the poor controllability of the GaP doping cell, see section 4.2.

We utilized nextnano band structure simulations to evaluate the P doping den-
sity for relevant samples. The effective Ge content zge,,, was extracted from
the experimentally determined wge,,, gradient (see section 4.1.1) for each sam-
ple. Then, the P volume modulation doping concentration was adjusted as a
fitting parameter in the nextnano simulation so that the simulated charge car-
rier densities exactly matched the experimentally measured ones in the ungated
Hall-bar regions. We then analyse the fraction of P atoms with energies larger
than Ep (ionized donors) and with energies lower than Er (neutral donors) for
each sample. Figure 5.6 a shows the corresponding band structure profiles. From
this analysis, we conclude that for charge carrier densities in the ungated region
With Nmeaswg > 4,010 em™2) which correspond to a P volume doping degree
of > 1,0-10%cm ™3, not completely all of the P atoms are ionized. Figure 5.6b
displays the amount of neutral P atoms (10-23%) in dependence of the charge



5.2 Capacitive coupling between gate and 2DES 81

carrier density along the phosphorous gradient in wafer R2030 under the assump-
tion that we have no P segregation. If we incorporate a slight P segregation of
bnm in our simulations, which is according to Niitzel et al. very realistic for a
Sig.e5Gen 35 material composition [20], the degree of neutral P atoms rises up to
20-30%, see figure 5.6b. Therefore in the following, we introduce a modified polar-
ization model of neutral impurities proposed by Dhar et al. [114] in order to study
and to explain the mismatch in the capacitive couplings of Cy, and C,, as well as
the influence on the dielectric constants and the associated linear increase of C,,
along the P gradient. Consequently, this model, which is based on hydrogen like
atoms, was adjusted to our Si/SiGe heterostructure system and the theoretical
capacitive coupling formula (see equation 2.23) suggested by Ihn [35] was finally
modified.

Expression for the dielectric constant: In a polarization model of Castellan
and Seitz [111] developed for neutral dopants in bulk silicon, the local electric field
Er, which differs in the vicinity of the impurity atoms from the macroscopic field
E, is given by
Na
Ep=F+—F 5.4
L Slio L ( )
Here, N is the density of the impurity atoms (donors or acceptors), a is the
polarizability of the impurity atom and kg is the dielectric constant of the host
material. Based on equation 5.4, the local electric field can be rewritten as

E

_ Na
3K0o

E, = (5.5)

However, according to Dhar et al. [114] the expression in 5.5 underestimates the
actual situation because the polarization of the impurity atoms will change the
polarization of the host atoms and vice versa. If the polarization of the host atoms
is included, we obtain in analogy with equation 5.4

E
EL= s (5.6)
3 3Ko

with Ny being the density of the host atoms and «g indicating the atomic polar-
izability of the host atoms. The total polarization Pr of the lattice in presence of
the impurities is then defined as the sum of the polarizations arising from both
the impurity atoms and the host atoms

PT = (No(l/o + NCY)E()EL (57)
Substituting the value of E from equation 5.6 into 5.7 yields

P - (Noovo + Noz)eOE (5.8)

1 — Moo _ Na
3 3Kko
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Because of Pr = (k — 1)egF, equation 5.8 results in

Noag + Na

1 — Moas _ Na
3 3Ko

K(N)=1+ (5.9)
With the help of the Clausius-Mossotti relation, equation 5.9 can be rewritten

K(N) = Ko + Ngiiﬁizi)((j:i_z)l) (5.10)

This final equation for the dielectric constant takes into account both the effect of
impurity polarization on the host atoms and the polarization of the host itself.

Model for polarizability: The polarizability of hydrogen-like atoms in semi-
conductors depends strongly on the bonding of the electron to the atom. One can
treat a shallow impurity in a covalent bond as hydrogen-like atom [117]. Based on
this idea, we are then able to derive a model for the polarizability. The electron of
the impurity is assumed to be harmonically bound to the atom and the electron
with charge e is bound by the action of the restoring force

F = —mw?r (5.11)

in which m is the electron mass and w = v/r is the angular velocity. If an
external electric field F, is applied to the system, the electron is displaced from
its equilibrium position to a new position r + Ar. In this case the net force is:

F —eE, = —mw?*(r + Ar) (5.12)
A combination of equations 5.11 and 5.12 yields:
eE, = mw?Ar (5.13)

The induced dipole moment is © = eAr and since the polarizability is given by
1= aegl, we find for the polarizability:

62

o =

(5.14)

€oMmw?

Furthermore, the ionization energy of a hydrogen-like impurity can be written
as:

(5.15)

Additionally, Castellan and Seitz [111] have shown that the ionization energy
depends on the impurity density according to

Eq= Egq — EN'? (5.16)

in which E4 and k are constants. Combining equations 5.14-5.16 we get

A

=T BN (5.17)

«
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Figure 5.7: Overview of a 2D fit to our experimentally measured capacitive cou-
plings C,, in all Schottky-gated two-dimensional electron systems, which contained
a relevant amount of neutral impurities, in dependence of the effective Ge content
(TGe.;,) and the magnitude of neutral P doping atoms (N) at four different posi-
tions clockwise rotated. Indeed, the fit led to reliable results for fitting parameters
A=203-10""2ecm? and B = 5,24-10""cm as well as the dielectric constants of
€si = 9,4 and eg. = 12,7. Based on these realistic findings, we conclude that the
polarization model is applicable to our Si/SiGe 2DES.

where A = r?e¢?/2¢gEq and B = k/Ey are constants which depend on the type of
impurity and on the host material. Constant A moreover gives the polarizability
for infinite dilution.

Application to our Si/SiGe heterostrucures: Considering the capacitive
coupling (Cy,) formula in equation 2.23, suggested by Ihn et al. [35], for our het-
erostructure layout, it gets obvious that this equation has to be modified since the
SiGe:P modulation doping layer was not separately taken into account. However,
based on a possible polarizability of neutral P atoms, this circumstance has to be
included. In order to predict the capacitive coupling as a function of the degree
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of neutral P atoms, formula 2.23 is modified to

dz' dq, e dl e: E E -
Cth:anszs _€_o< IS n SiG SG‘P+€_06 F(n)€_oa 0<n)) (5.18)

= +
Uy € \ €s; €S5iGe €SiGe:P e2 On e 0On

where the d; are the thicknesses of the Si, the SiGe and the SiGe:P layers between
the top-gate and the 2DES. The ¢; are the dielectric constants of Si, SiGe and
SiGe:P. Since the contributions of the fourth and fifth term, which indicate the
density of states in the 2DES and the quantum capacitance, are very small (= 2%)
these quantities are neglected in the following so that equation 5.18 reduces to

on € dl die die' -1
Cth: 2DES:_O(_S+ SiG + SG.P) .

1
8UHB (& (5 9)

€5 €SiGe €SiGe:P

If we now consider the dependence of the dielectric constant €g;g..p on neutral
impurities (P atoms) based on equation 5.10 we get:

NO((ESZ'GQ + 2) (4652‘6‘@ - 1)
Yesice — Na<€SiGe + 2)

esiGe:P(N) = €sige (5.20)

Here, we replaced ko by €gice and the P dependent dielectric constant x(N) by
esige:p(IN). Moreover, for the polarizability we take equation 5.17 and for the Ge
content dependent SiGe dielectric constant we use in a first approach

€sige = (1 — x)eg; + Tege (5.21)

Fitting procedure: First of all, the fraction of P atoms with energies lower
than Ep, i.e. the neutral donors, is extracted from the nextnano simulation-based
fitting described in figure 5.6a. Then, combining equations 5.19, 5.20, 5.21 and
5.17 we can fit our experimentally obtained capacitive couplings C),, as a function
of the density of neutral P atoms (/V) and the effective Ge content (v¢e,,,). The
experimental results were plotted in 2D with the fit parameters A, B, €g; and
€ge- Figure 5.7 shows the fitting result for all Schottky-gated samples taken from
different wafers fabricated during the new growth series which contain a relevant
amount of neutral impurities. We obtain a goodness of fit of R? = 0,94 when
considering a P segregation of up to 5nm which seems to be reasonable compared
to experimental observations [20]. The fit yields the following fitting parameter
values: A =2,03-10""2cm?, B=15,24-10""cm, €g; = 9,4 and eg. = 12, 7. These
dielectric constants are about 20% lower than the literature values (eg; = 11,7 and
€ce = 16,2) according to [118, 119]. Fitting parameter A differs from the fitting
parameter obtained by Dhar et. al [114], who investigated P donors in heavily
doped Si, while we studied Sigg;Geo35. In contrast to that, fitting parameter B
matches nicely to the value obtained by Dhar and coworkers.

Conclusion: Based on our experimental findings, we cannot completely exclude
that the dielectric constants in MBE grown materials (eg; = 9,4, ege = 12,7) are
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lower than the theoretical predictions or the ones for slowly pulled pure crystals.
Although parameter A and B are strongly material dependent, we infer that us-
ing experimental input parameters our polarization model illustrates a plausible
mechanism for the experimentally observed P doping dependence of the capacitive
coupling C,,, = ;Tng. However, we have to mention that four fitting parameters
are quite a lot parameters and that the fit is not perfect. In order to regard this
model as definitely the applicability has to be furthermore checked. In this con-
text, especially independent measurements of MBE grown Si, Ge and SiGe might
be helpful to gather separate informations on €g;, €g. and €g;g.. Nevertheless, the
experimental observation of the strong influence of the P volume doping concen-
tration on the capacitive coupling is fact. An alternative model has to be capable
of explaining this influence. However, we could not identify an alternative model.
Therefore, we conclude that if our polarization model is valid, it points to the
enormous influence of P doping selection not only for the 2DES density but also

for the capacitive coupling in field-effect devices.

5.3 Variety in n versus Ug curves at T'=1,4K

In parallel to the systematic investigation of the capacitive coupling C,, between
Schottky top-gate and 2DES, we identified a variety in the experimentally recorded
n versus Ug curves. Interestingly, the maximal end gate voltage was restricted to
a value of Ug = 0,55V, whereas the pinch-off voltage varied markedly. Figure 5.8
exemplarily presents an overview of the n versus Ug curves for several samples
along the phosphorous climb gradient in wafer R2030. This overview shows three
special cases which depend on the maximally controllable gate interval and the
phosphorous (P) doping degree.

Linear regime: In the first case for a low gate controllable interval of U < 0,5V,
we only observed the linear regime without any hysteresis, see sample R2030A4
in figure 5.8. In fact, the slope of the linear regime is determined by the P doping
degree. The higher the P concentration the steeper is the linear regime. In order
to check out the influence of the low gate interval on the n(Ug) curve, an additional
test sample was covered with an Al,O3 gate insulator prior to the deposition of
the Pd Schottky top-gate. Indeed, in this sample the gate controllable interval
was distinctly enlarged and therefore a full hysteresis loop could be detected.

Complete hysteresis loop: The second case was already identified by Wild et
al. [13] who suggested charge reconfigurations to be responsible for this hysteresis
type, see section 2.5.2. The shape of the characteristic hysteresis curve, especially
the saturation regime, depends very strongly on the maximal gate controllable
interval which reaches from 0,5V — 0,75V. Possible examples for this hysteresis
type are given in the curves of sample R2030B4 and B6 shown in figure 5.8. Despite
these observations, we for the first time obtained an indication for a transition to
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Figure 5.8: Querview of the n(Ug) gate sweep results of several samples arranged
along the P gradient of wafer R2030 at T = 1,4K. For low gate intervals U <
0,5V, we only get a linear hysteresis-free regime. In an intermediate gate interval,
we obtained a full hysteresis curve which was already identified in the special case
considered by Wild [13], whereas for high gate intervals U > 0,75V we found a
second hysteresis-free linear regime.

a flatter slope for large negative gate voltages in some samples, see low voltage
region of sample R2030B4 in figure 5.8 which is maybe a sign for an increasing
ionization of P atoms or a lower polarizability. However, this change of slope is
certainly very difficult to detect since the current along the Hall-bar is very low
in this voltage regime and we are just before pinch-off.

Complete hysteresis loop with second linear regime: For very large gate
controllable intervals with U > 0,75V, we observed for the first time a second
hysteresis free linear regime which started after a short decrease in the satura-
tion regime, see sample R2030C1 in figure 5.8. Interestingly, this second linear
increase was also observed in modulation doped Ge/SiGe hole gases (2DHGs) and
GaAs/AlGaAs 2DEGs [96, 120]. Based on these findings, we suppose that this
phenomenon is caused by the modulation doping layer and is independent of the
underlying material system. In this context, Donner et al. tested an inverted
doped layer in their heterostructures in order to check a possible influence of the
modulation doping layer on the hysteresis effects. Inverted doped means that the
doping layer is ordered below the QW and not between the Schottky top-gate and
the 2DES. Consequently, the doping layer is no longer influenced by the gate in-
duced electric field. As a result, this attempt finally led to an overall linear regime
without any hysteresis and polarisation effects [96]. Indeed, this observation is
another hint for the distinct influence of the modulation doping on the field effect
controllability of two-dimensional electron systems.
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Conclusion: In this section, we discovered three different types of n versus Ug
curves which strongly depend on the maximally gate controllable region and the
P volume doping in the modulation doping layer. In this context, the maximal
tunable gate voltage was determined to Ug ~ 0,55V, whereas the pinch-off point
distinctly varied. This phenomenon is probably caused by the lithography process
and is therefore not precisely controllable. We suppose a possible influence of
surface states which might be responsible for this inhomogeneity and the observed
shift of the n versus Ug curves along the Ug axis. In the scope of our analysis,
we moreover found a first indication for a transition to a flatter slope for large
negative gate voltages at the end of the linear regime. This change of slope points
to a possible influence of a polarisation of the P states. Additionally, we for the
first time detected a second hysteresis free linear regime for large gate controllable
regions which appeared after a slight decrease in the saturation plateau. This
observation as well as the appearance of a complete hysteresis loop were also
obtained in other modulation doped material systems and were shown to disappear
when employing an inverted doped layer instead [96]. However the adjustment
of an inverted doped layer in the SiGe material system is difficult because of a
strong dopant segregation, as already shown in section 4.2, which leads to an
incorporation of dopants in the QW and thus drastically reduces the mobilities.

5.4 Expansion of the charge transfer model

In the past sections, we already revealed a number of insights regarding the field
effect influence on two-dimensional electron systems which could not be explained
within the charge transfer model proposed by Wild et al. [13]. The fact that
charge reconfigurations are also possible within the linear regime, the observation
of the long charge transfer times, the correlation of the P doping degree and
the capacitive coupling C,, between Schottky top-gate and the 2DES as well as
the appearance of a second linear regime after the saturation plateau in large gate
controllable samples (U > 0,75V) lead us to the conclusion that the current model
is insufficient and has to be extended. In the following, we therefore modify the
charge transfer model. We illustrate the model by representatively considering the
experimental behaviour of sample R2030C1. This sample showed a comparatively
high P doping degree and in turn a comparatively large fraction of neutral P atoms
as well as a long gate controllable interval. The corresponding 2DES density (n)
versus gate voltage (Ug) curve is shown in figure 5.9a.

Figures 5.10a-f illustrate the appropriate band structure simulations for the special
configurations of n(Ug) which are labelled by Arabic numerals in figure 5.9a and
figures 5.10a-f. The band structure profile in figure 5.10a displays the starting
point of our measurements, compare with section @ in figure 5.9a. As a con-
sequence of the high P doping concentration ("P overdoping"), the conduction
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Figure 5.9: a) n(Ug) curve of sample R2030C1 for a sweep rate of ImV/s.
The black arrows indicate the sweep direction and the numbers mark different
configurations of U and n for which the corresponding band structure is shown
in figure 5.10a-f. b) Zoom into the second linear regime. Several sweeps back
and force were performed in order to check the linearity. Moreover, gate jump
measurements were conducted to exclude any hysteresis.

band minimum FE¢p is markedly lowered so that a situation is reached where the
P states get equal to the Fermi energy (Er = Ep) even without an applied gate
voltage. As a result, a part of the phosphorous atoms stays neutral. This observa-
tion is reinforced by the gate jump measurement results in section 5.1 from which
we can infer that the sweep duration from the reset point to the start voltage
value is long enough to achieve a sufficiently high degree of neutral P atoms. Fig-
ure 5.10b illustrates the situation if we then apply a gate voltage. Consequently,
the conduction band minimum is energetically lowered so that a charge transfer
process from the 2DES into the P modulation doping layer sets in. However, the
charge transfer rate is low because most of the energetically favourable P energy
levels are already occupied. Comparing the band structure simulations in 5.10b
with section @ in the n versus Ug sweep curve in figure 5.9a provides evidence
that charge reconfigurations take place within the linear regime. Moreover, we see
that applying a gate voltage not only leads to a neutralization of the P atoms but
also entails a steep linear increase of the charge carrier density since the measured
capacitive coupling C,, rises due to a simultaneously growing dielectric constant
€sice-p according to equation 5.19. In this context, we showed in section 5.1 that
in the linear regime the charge transfer rate is distinctly slower than the gate
sweep rate so that the n versus Ug curve behaves still linearly although charge
transfer processes are possible. Further increasing the gate voltage leads to an in-
creasing and faster charge transfer process into the P doping layer. Consequently,
the slope starts to get shallower and diverges from the linear regime. Finally, the
band structure is lowered to a point, as shown in figure 5.10c, where the conduction
band minimum in the doping layer approaches the Fermi level (Er = Ecp).
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Figure 5.10: a-f) The image illustrates the conduction band Ecp and the phos-
phorous donor enerqy Ep = Ecp — 45meV in the spatial domain of the doping
layer to the QW. The numbers in the upper right associate the diagrams with
the configuration n(U) in figure 5.9a. Moreover, Er denotes the Fermi energy,
whereas the strength of the polarization is indicated by a grey plus-minus symbol.
Additionally, the neutral P atoms are indicated by circles filled in orange, whereas
the ionized P atoms are illustrated by circles filled in brown. Furthermore, the
charge transfer processes as well as the relaxation from the conduction band into
P states are displayed by black arrows.
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Figure 5.11: Image of the Hall resistances in sample R2030C1 and the corre-
sponding Shubnikov-de-Haas (SdH) oscillations in dependence of the applied mag-
netic field B for 3 applied gate voltages. The inset shows a zoom into the minima
of the SdH’s for filling factor v = 2 which at first glance seem to go to zero.
However, by close inspection we see that for a gate voltage of Ug = 0,48V, which
corresponds to a voltage value in the second linear regime, the minimum does not
exactly reach 0€). Consequently, we cannot exclude a parallel conducting channel.

Consequently, charge reconfigurations are also possible into the conduction band
minimum in the doping layer before a fast relaxation process into lower lying lo-
calized phosphorous states takes place. This charge transfer process is now as
strong as the subsequently delivered electrons from the ohmic contacts so that
the density in the 2DES stays constant and a plateau develops, see section (3)
of figure 5.9a. This circumstance can be again verified by the gate jump mea-
surement results in section 5.1 which showed that, for higher end gate voltages,
the charge transfer rate gets faster than the gate sweep rate resulting in a shal-
lower slope in the n versus Ug curve. If the gate voltage is then swept beyond
a second threshold voltage, almost every P atom is neutralized and the conduc-
tion band minimum is slightly pulled under the Fermi level which results in a
parallel conducting channel, as displayed in the band structure profile in figure
5.10d. Comparing the band structure simulation with section (4) in the n versus
Ug gate sweep curve of figure 5.9a, we observe a second linear regime. The lin-
earity of the second linear regime was then checked by sweeping the gate voltage
back and force in this interval for several times. Additionally, we once again per-
formed time resolved jump measurements, as introduced in section 5.1, to review
a possible hysteresis. As a result, the jump charge carrier density values, which
were reached 10 minutes after the jumps were conducted, exactly lie on the back
and force sweeped n versus Ug curve. The results are shown in figure 5.9b and
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clearly give evidence for a linear and hysteresis-free increase in the charge carrier
density. In order to verify a parallel conducting channel we then performed mag-
netotransport measurements for three gate voltages at different positions within
the hysteresis curve. As a result, we obtained well developed Hall plateaus in the
transversal and pronounced Shubnikov-de-Haas oscillations in the longitudinal re-
sistances respectively, see figure 5.11. The SdH oscillations at filling factor v = 2
for gate voltages of 0V and 0, 24V nicely reached zero Ohm. However, in contrary
the SdHs at filling factor v = 2 and an applied gate voltage of 0,48V, which
corresponds to a voltage value inside the second linear regime, do not exactly go
to zero, see inset in figure 5.11. This observation points to a parallel conducting
channel which we also expect from the corresponding band structure simulations
conducted with experimentally determined parameters[121, 122, 123|.

If we finally sweep the gate voltage back to the initial value, n first decreases
linearly, see section (5) in figure 5.9a. The observation of a hysteresis is interpreted
to be caused by an asymmetry in the charge transfer rate, as suggested by Wild
et al. [13] since a depletion of the still occupied P atoms is energetically unlikely
until the neutral P atoms are lifted above the Fermi energy, as indicated in figure
5.10e. From this follows that if a lower threshold voltage is achieved the doping
layer gets faster depopulated and thus the slope of the decreasing curve becomes
shallower as shown in section (6) of figure 5.9a because now more and more P
atoms are ionized and the polarizability is markedly reduced, see figure 5.10f.

5.5 Temperature influence on n versus U; curves

We have also studied the temperature influence on charge reconfiguration and
polarization effects. The n versus Ug curves were recorded in the maximal gate
voltage interval which was previously determined in the leakage current and pinch-
off measurements for different temperatures, presented in section 3.6.3. Figure
5.12 exemplarily shows the temperature dependent gate sweeps in sample R1870E.
Starting with a gate sweep at T = 1,4K, we observe a "normal" full hysteresis
loop where the saturation plateau is reached for the maximal gate voltage. For
a temperature of 7" = 6,0K the saturation plateau falls down for higher gate
voltages, whereas for 7" = 12,0K the maximum in n appeared earlier and is
followed by a distinct charge carrier density drop above a threshold voltage before
the density finally starts to increase again with further increased gate voltage.
Interestingly, we figured out that with increasing 7' this density drop shifted to
lower threshold voltage values. Additionally, the hysteresis became smaller and
the up and down sweep coincided after the drop. If the temperature was increased
toT' = 55K, we observed an overall identical trace for the up and down sweep. this
special behaviour was found in almost all investigated samples during this thesis.
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R1870E T dependent gate sweeps
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Figure 5.12: Querview of the n(U) curves in the temperature range from 1,4K
up to 55K for sample R1870E. The up and down sweep direction is indicated by
two black arrows. Indeed, the saturation regime is faster reached with increasing
temperature. Interestingly, for higher T the charge carrier density drops when the
gate voltage is swept above a temperature dependent threshold value. Beyond this
special voltage, up and down sweep lie on top of each other. An exact explanation
of this special behaviour during the temperature dependent n versus Ug sweep s
given in figure 5.13.

However, the threshold voltages, the onset of the density drop, the maximal gate
controllable interval and the measurable temperature range markedly differed.

Figure 5.13a-d illustrates the role of the temperature in the framework of the
charge transfer model described in the previous section and summarized in figure
5.10a-f. Figure 5.13a shows the band structure profile if we apply a gate voltage to
the Schottky top-gate. Due to the " P overdoping" the conduction band minimum
(Ecg) is already lowered to a point, where the Fermi energy is equal to the energy
level of the P states (Er = Ep). As a result, charge transfer processes from the
2DES into the P modulation doping layer set in. However, the charge transfer
rate into the P states rises quickly with increasing 7' according to the noticeable
influence of the thermal energy FE;, = k7. This influence additionally allows
the occupation of energetically higher lying states which finally leads to an earlier
divergence from the linear regime and therefore to a shallower slope in the n
versus Ug curve, see section (7) in figure 5.12. If the gate voltage is increased, the
conduction band minimum more and more approaches the Fermi level, see figure
5.13b. Although, Er = E¢p is not reached yet, the thermal influence facilitates
tunnelling events into the conduction band minimum followed by a fast relaxation
process into lower lying P states. Consequently, the maximal saturation plateau
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Figure 5.13: a-d) Band structure overview including the thermionic influence
kgT at several positions during an n(U) gate sweep curve. The conduction band
energy is given by Ecp, whereas the phosphorous donor energy is Ep. The Arabic
numerals in the upper right associate the diagrams with the configuration n(U)
in figure 5.12. Additionally, the charge transfer processes as well as the relaz-
ation events are displayed by black arrows, whereas the brown arrow illustrates the
thermionic influence. The neutral P atoms are indicated by circles filled in orange
and the ionized P atoms are represented by circles filled in brown.

in the n(U) curve moves to lower gate voltages with increasing 7', compare with
section in figure 5.12. Further increasing the gate voltage leads to a situation
sketched in figure 5.13c, where the 7' assisted charge transfer rate into the P
states seems to get temporary higher than the quantity of the delivered electrons
from the ohmic contacts so that the charge carrier density drops crucially during
this dynamical process, see section @ in figure 5.12. In the end, nearly all P
atoms are neutralized so that beyond a sufficient high gate voltage the carrier
density in the 2DES is slightly increased. This circumstance can be understood by
comparing figure 5.13d with section in figure 5.12. If the gate voltage is finally
lowered again, the asymmetry in the tunnelling events becomes obvious since
charge transfer processes would still be possible but are rather unlikely regarding
the persistently occupied P states, see figure 5.13d. As a result, the up and down
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sweep more and more approach each other for increasing 7', as shown in figure
5.12. Indeed, in case of high enough T the charge transfer processes are too fast
and cannot be recorded within this set-up. Consequently, up and down sweep lie
on the same trace during the whole gate sweep sequence, e.g. for 7' = 55K in
figure 5.12.

5.6 Conclusion

In this chapter, we explicitly studied the field effect control of 2DES in the Si/SiGe
material system. For this purpose, we performed magnetotransport measurements
in gated Hall-bar devices at cryogenic temperatures, where we mainly used the
charge carrier density n as a sensing observable to investigate the electronic envi-
ronment in our heterostructures.

In our analysis, we discovered for the first time a strong connection of the P
doping concentration and the measured capacitive coupling C),, between Schottky
top-gate and 2DES along the P doping gradient which was determined in section
4.2.2. However, this experimental observation could not be explained, neither
with the charge reconfiguration model proposed by Wild et al. [13], nor with the
theoretical predicted capacitive coupling formula of Thn [35]. In order to solve this
open question we extended the charge transfer model. First of all, we revealed that
the high P doping leads to a lowering of the conduction band minimum so that
charge reconfigurations are already possible within the linear regime of the 2DES
density n as a function of the gate voltage Ug. In this context, time resolved gate
jump experiments were performed which provided evidence that within the linear
regime of n versus Ug, the charge transfer rate is slower than the gate sweep rate
so that the slope in the n versus Ug curve still behaves linearly. In a next step,
we introduced a polarizability of neutral P atoms in the modulation doping layer
which explains the experimentally obtained increasing C,, for an increasing P
doping degree since the dielectric constant in the modulation doping layer €g;ge.p
directly increases with a rising degree of neutral P atoms (V). Finally, we checked
the validity of this modified model in our Si/SiGe heterostructures with numerical
band structure simulations which were based on experimental input parameters.

Based on these insights, we then developed a quantitative method to fit the mea-
sured capacitive couplings (Cy,) as a function of the effective Ge content z¢e, ,, and
the degree of neutral impurities N in the modulation doping layer. The resulting
fit parameters were reliable and allowed us to evaluate the dielectric constants of
MBE grown Si and Ge. Actually, the extracted dielectric constants (eg; = 9,4 and
€ge = 12,7) were about 20% smaller than the literature values which is a realistic
result with respect to the simplifications of the model. In addition to that, our
modified charge transfer model was still suitable to describe the observed hystere-
sis and disorder effects even for increased temperatures. In fact, the temperature
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assisted behaviour of charge reconfigurations manifested itself by an earlier onset
of the saturation plateau followed by a density drop and a subsequent hysteresis-
free increase of the density. However, in order to regard this model as definitely
the applicability has to be checked further.

To summarize, the field-effect study of 2DES in Schottky-gated Si/SiGe het-
erostructures allowed us to develop an extended method with which the behaviour
in the electronic environment of the 2DES can be better understood. Additionally,
we were able to explain the coherence between the capacitive coupling and the P
doping degree and finally make statements about the dielectric constants of MBE
grown Si and Ge. Moreover, several efforts have been undertaken to clarify the
temperature dependence and time dynamics of the gate induced effects as well
as to identify and address device limiting parameters. In order to review further
restrictions in our current gated Si/SiGe heterostructures, the next chapter explic-
itly dwells on leakage currents which especially influence Schottky-gated devices.
In this connection, we also focus on the mechanisms behind leakage currents since
they provide a facility to learn more about the entire heterostructure.






6 Leakage current analysis

This chapter deals exclusively with the occurrence and the mechanisms behind
leakage currents in Si/SiGe 2DES. Historically, Schottky-gated devices have been
drastically restricted by the onset of enormous gate leakage currents for even small
gate voltages [124, 125, 51|. A possible reason for these early gating problems was
ascribed to an "over-doping" of the modulation doping layer [125]. Consequently,
these high doping profiles could furthermore lead to a segregation of the P doping
in growth direction [20, 126] and therefore lower the effective Schottky barrier
above the QW which facilitates leakage currents.

Based on a precise temperature dependent investigation of leakage currents in our
Si/SiGe 2DES, we try to find out something about the location and the magnitude
of trap states, as well as the effective Schottky barrier height. These parameters
would give further insights into the exact sample structure and therefore yield
vital information to realize future gated high quality 2DES. In a first step we
consider and compare temperature dependent leakage currents for different sample
structures. Then we show the applicability of different leakage current models
based on a triangular barrier, which were already introduced in section 2.5.3,
to our gated 2DES. In the following, we perform an exact analysis within two
temperature ranges: Firstly from 1,4K to 40K and secondly from 40K to 100K.
Finally, we sum up all findings and give a short outlook.

6.1 Temperature dependent leakage currents

In this section, we present the first leakage current results for four different samples
in a variable temperature range. An overview of the complete layer structure and
their thicknesses, the nominal volume doping degree as well as the underlying
virtual substrates (VSs) of each sample is given in table 6.1. The measurements
were performed with the standard set-up which was introduced in section 3.6.3.
Starting with a temperature of T'=1,4K and an applied gate voltage of 0V after
the cool down, the gate was firstly swept in negative voltage direction (reverse
bias) to gather the lower limit of the leakage free region. Secondly, the gate
voltage was increased until the breakthrough in positive voltage direction (forward
bias) appeared. This sweep delivers the upper boundary in which we are able to
manipulate our heterostructures without any leakage currents. In a next step,

97
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sample spacer | modulation doping capping | tior VS
R2030B6 15nm | 15nm Npom = 1,1-10%em =3 | 50nm 80nm | LT-Si
R1870E 15nm | 15nm Npom = 0,9-10%em =3 | 55nm 85mm | gr. buf.
R1931A16 | 22nm | 2nm Ny = 7,2 - 10%em =3 58nm 79nm | LT-Si
R2043A16 | 25nm | 15nm Npom = 0,9-10%em ™3 | 50nm 90nm | LT-Si

Table 6.1: Ouverview of the underlying virtual substrate (VS) and the different
layer thicknesses as well as the total layer thickness t,,; between the Schottky top-
gate and the QW in four investigated leakage current samples. Additionally, the
nominally wanted volume modulation doping Nyom 1S tllustrated.

the gate voltage was decreased to the reset point Ug (we choose Up ~ —1,5V
in every sample, further information on that is given in section 3.6.3) before the
temperature was increased to a higher value. Then the down and up sweeps were
repeated again in order to find out the borders in the new temperature regime.
This measurement cycle was performed across the maximal possible temperature
range in which we can reliably tune our samples. The underlying sweep velocities
were varied in a range between 2 — 10m—sv. Due to the reason that similar leakage
current measurements conducted with different sweep rates showed a completely
equal behaviour, we mainly chose a sweep rate of 1Om7v since this was markedly
time saving.

Figures 6.1a and b show an overview of the temperature (T") dependent leakage
currents in the samples R2030B6 and R1870E respectively. Both samples, which
were completely identical except for the VS the P doping concentration and the
capping layer clearly, show almost equal breakthrough voltages at T = 1,4K of
about 0,52V. Increasing the temperature leads to an earlier onset of leakage
currents for distinctly lower gate voltages. However, sample R2030B6 showed a
stronger temperature dependence than sample R1870E and was therefore only
measurable up to 40K. The reason for that is revealed by a closer look at the
breakthrough voltage in reverse bias direction. It is clearly visible that a sensible
reset (see section 3.6.3), which is necessary for all gate sweep experiments in
order to realize equal starting conditions, is not possible any more for higher
temperatures. Interestingly, we observed dips or peaks (indicated by the black
open circle in figures 6.1a and b) in the leakage current curves independent of
sweep direction, sweep rate and time [98]. Consequently, we suppose that these
effects are not caused by noise fluctuations or arise due to measurement artefacts.
The position of these unexpected fluctuations moves only slightly to higher voltage
values with increasing temperature. Indeed, we were able to bring this effect in line
with temperature dependent pinch-off curves (see section 3.6.3) which exhibit the
pinch-off point nearly at the same voltage values as the dips/peaks in the leakage
current measurements, see figures 6.1c and d. We expect that this correlation
can be ascribed to the depopulation/population of the two-dimensional electron
system.
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Figure 6.1: a) Temperature (T) dependent leakage current measurements in the
LT-Si based sample R2030B6. The leakage free region is clearly visible and becomes
narrower with increasing T. b) Image of the according T dependent leakage cur-
rents in the graded buffer based sample R1870FE. In comparison to R2030B6 this
sample is less sensible to the temperature and therefore measurable until 100K .
The peak and dip positions in both samples are indicated by a black open circle.
The two insets in figure a) and b) display a zoom into the leakage current curves.
¢) Results of the T dependent pinch-off measurements in sample R2030B6. 1t is
obvious that the pinch-off point lies around —0,25V and thus is consistent with
the peaks in sample R2030B6. d) shows the pinch-off results of sample R1870F.
We clearly see two minima wn sample R1870F around —0,4V and —0,7V, which
match nicely to the two dips observed in the leakage current curves. The reason
why the pinch-off curves contained two minima and no direct pinch-off point is
still an open question.

Moreover, by close inspection of the experimentally obtained leakage currents,
we are able to construct a 3D map concerning the leakage current density ! in
dependence of temperature and the applied gate voltage in forward bias direction.

'In order to gather the leakage current density, we took the experimentally obtained leakage
current per top-gate area.
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Figure 6.2: a) 3D leakage current density map of sample R1870F in dependence
of T and Ug. The white lines separate different temperature regions indicated by
white Roman numbers. b) 3D leakage current density map of sample R2030B6.
The strong temperature dependence is clearly visible and the different T dependent
regions are again tllustrated.

Due to the fact that the leakage currents were recorded at random voltage values
during each gate sweep, we interpolated the experimentally obtained data to a
regular voltage scale. Based on these interpolated data, figure 6.2a and b illustrate
the 3D maps of samples R2030B6 and R1870E. At first glance, we see that the 3D
maps consist of different temperature dependent regions which are indicated by
white Roman numbers. Region I, which starts from 1,4K and ends up at 15K,
shows only a very slight temperature dependence in both samples. However, region
IT (reaches from 18K to 40K) exhibits a moderate increasing 7' dependence in
sample R1870LE, whereas we observed a stronger 7' dependence in sample R2030B6.
Finally, region III, which was achieved only in sample R1870E and ranges from
40K to 100K, displays also a very strong 7' dependence. In order to further
investigate the influence of the underlying virtual substrates (VS), the total sample
thicknesses and the P doping profile, two more samples based on a LT-Si VS
(R1931A13 and R2043A16) were measured and compared. Sample R1931A13,
which is quasi "0 — doped", exhibits the lowest distance between Schottky top-
gate and QW, whereas R2043A16 has the largest thickness due to a bigger spacer
layer, see table 6.1. Both samples were examined according to the aforementioned
procedure. The results of the temperature dependent leakage currents are shown in
figures 6.3a and b. The breakthrough voltage at T' = 1,4K in sample R2043A16
occurred around 0,55V which is slightly higher than in sample R2030B6 and
R1870E. In contrast, sample R1931A13 exhibits the breakthrough point around
0,49V at T'=1,4K. These circumstances allow the assumption that the position
of the breakthrough point is somehow associated with the distance between the
Schottky top-gate and the QW as well as the P volume doping degree which can
have an influence on the P segregation [20].
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Figure 6.3: a) Image of the T dependent leakage currents in the thickest sample
R2043A16 (spacer layer 25nm). We clearly see the low temperature dependence
equally to sample R1870F and therefore observe again three T dependent regions
(indicated in white Roman numbers). b) T dependent leakage current results of
sample R1931A13. Under close inspection, we attain the same behaviour like in
sample R2030B6 which is measurable up to 40K . In fact the leakage free region
15 again clearly visible and becomes smaller with increasing T'. The peak and dip
positions in both samples are indicated similarly by black open circles. Further-
more, the two insets in figure a) and b) display a zoom into the leakage current
curves. ¢) 3D leakage current density map of sample R204/3A16. d) shows the 3D
current density map of sample R1931A13. The T dependence is exactly the same
as in sample R2030B6 and is therefore divided into two regions indicated by white
Roman numbers. Interestingly, all borders of the T' dependent regions have nearly
the same temperature value.

Additionally, we observed the mandatory behaviour that with increasing 7' the
breakthrough point migrates to lower gate voltages in both samples. The strange
phenomenon of suddenly appearing peaks and dips in the temperature dependent
leakage current curves at a special gate voltage was again detected in each sample.
The voltage values where we identified this effect were once more identical to the
pinch-off points recorded in the pinch-off measurements. Furthermore, the 3D
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leakage current density maps for the new samples are shown in figures 6.3¢ and d.
In fact we were able to determine again temperature dependent regions in figures
6.3c and d which feature exactly the same borders and behaviours like the ones
in sample R2030B6 and R1870E (for comparison see figure 6.2). However, sample
R1931A13 showed a strong temperature dependence equally to sample R2030B6
and was therefore only measurable up to 40K. In contrast, sample R2043A16
behaved similarly to sample R1870E, which has a large total distance. Hence, we
believe that this is another hint for the influence of the total distance between
top-gate and QW on the leakage currents.

6.2 Application of suitable models to our Si/SiGe
heterostructures

Figure 6.4: Simulated band structure profile with different incorporated leakage
current mechanisms which are applicable to our Si/SiGe heterostructures: Jpp =
field emission, Jrpgp = thermionic field emission, Jrgp = thermionic emission,
Jrar = trap assisted tunnelling. The phosphorous doping energy level is given by
&, Ug symbolizes the applied gate voltage and E¢o stands for the conduction band
enerqgy. Moreover, another possible trap state with trap energy P, is indicated by a
second grey dot. If we consider Jpar in the phosphorous states, we assume ®; = €.

Now we try to bring light into the darkness regarding the mechanisms behind the
experimentally obtained leakage currents in Si/SiGe heterostructures. Based on
our findings in chapter 5, we learned that above a special threshold top-gate volt-
age a strong charge carrier transfer process into the P modulation doping layer sets
in which persistently occupies the phosphorous states. Therefore, the assumption
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that the largest leakage current contribution stems from an electron transfer of the
still occupied P states in the modulation doping layer to the top-gate is justified.
Beginning with this simplification we are able to apply different leakage current
models, which are based on a triangle-shaped barrier (introduced in section 2.5.3),
to describe the observed leakage currents in different temperature regimes. Figure
6.4 illustrates a schematical drawing of the band structure profile in our 2DES
as well as the according leakage current mechanisms which are applicable to our
Si/SiGe heterostructures. In a next step, we will show the applicability of these
models to Si/SiGe two dimensional electron systems. In the following, we mainly
focus on the results of sample R1870E since all other samples showed a similar
behaviour in each of the temperature dependent regimes which were found out in
section 6.1.

6.2.1 Temperature ranges from 1.4K to 15K and 18K to
40K

Starting with low temperatures, field emission (FE) and Fowler-Nordheim tun-
nelling seem to be the ideal candidates to describe leakage currents [69, 70, 76, 83].
However, Fowler-Nordheim tunnelling is only valid in an electric field regime of
F > 107% |76, 83]. Since we maximally reached fields up to ~ 6,5- 105%7 this
mechanism can be excluded. In contrast, field emission is applicable to our exper-
imentally obtained data as long as equation 2.30 is fulfilled. Therefore we get an
upper temperature boundary of ~ 40K for this model.

Based on a first approach, the leakage current density in the temperature range
from 1,4K to 40K was fitted in sample R1870E by using formula 2.31 and the
Schottky barrier height as the only fitting parameter. Moreover, for the doping
concentration the nominally P volume doping degree was assumed, whereas for
the trap depth of the P atoms a standard literature value of & = 45bmeV was used
[127, 128, 129|. The entire experiments were carried out in the Master thesis of
Schafberger [98] and resulted in an average Schottky barrier height of 0,673eV
and an averaged goodness of fit (R?) of 0,9337. A precise overview of these results
can be found in [98].

However, a closer look at region II (18 K —40K) in the 3D leakage current density
maps studied in the previous section (see figures 6.2a, b and 6.3c, d) shows a mod-
erate temperature dependence starting at 7' ~ 18K . Although the trap assisted
tunnelling (TAT, see equation 2.58) should be temperature independent, it is still
possible that a small thermal activation energy is sufficient to reach higher lying
P states 2.

2due to the band bending, some P states lie energetically higher than others see the band
structure profile in figure 6.4
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Figure 6.5: Zoom into a few field emission fitting results of sample R1870F in the
temperature range of 1,4K up to 15K. These results showed an average goodness
of fit R =0,927. Detailed results for every temperatures are shown in table 6.2.

T |K] ®, |eV] | @p [eV] | Np [em™3] | R?

1,4 0,045 0,690 9,0-10'" | 0,892
3,0 0,045 0,693 9,0-10'" | 0,913
6,0 0,045 0,697 9,0-10'" | 0,892
9,0 0,045 0,694 9,0-10" | 0,909
12 0,045 0,696 9,0-10" | 0,989
15 0,045 0,697 9,0-10'" | 0,947
average | 0,045 0,695 9,0-10'7 0,927

Table 6.2: Owverview of the temperature dependent field emission results. The
trap depth ®; and the P doping concentration Np were fired whereas the Schottky
barrier height ®p was used as the only fitting parameter. The goodness of fit R?
15 also illustrated. Moreover, the average results are indicated in green.

Therefore, we applied a combination of FE which shows a light T" dependence
and TAT to this region (18K — 40K). In doing so we used the Schottky barrier
height ® g, the trap depth ®, and the trap concentration V; as fitting parameters,
whereas the P doping concentration Np was fixed and &, = £ was assumed.

Beginning with region I, which starts from 1,4K and ends up at 15K, the leakage
current density was solely fitted by the field emission model as already presented
in the thesis of Schafberger [98].
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Figure 6.6: This image shows a zoom into some fits of sample R18T0E in the
temperature regime from 18K to 40K. The combination between field emission
(FE) and trap assisted tunnelling (TAT) yielded the best fitting results.

TI|K| | & |eV] | @ |eV] | Np |em™3] | Ny [m™3| | R?

18 0,04061 | 0,6974 | 9,0-10'7 | 4,73-10" | 0,9464
21 0,048 [0,6924 |9,0-10'7 | 4,88-10" | 0,9839
24 0,04138 [ 0,6959 | 9,0-10'" | 5,48-10" | 0,9817
27 0,04077 | 0,6967 | 9,0-10'7 | 5,21-10" | 0,9815
30 0,04015 | 0,6963 | 9,0-107 | 4,73-10" | 0,9615
33 0,04017 [ 0,6939 | 9,0-10"" | 4,88-10" | 0,9687
36 0,0396 | 0,6963 | 9,0-107 | 4,838-10" | 0,9788
40 0,04625 | 0,696 9,0-10'7 | 5,21-10" | 0,989
average | 0,0421 | 0,696 9,0-10'" | 5,0-10" | 0,974

Table 6.3: Ouverview of the results obtained with a combination of field emission
and trap assisted tunnelling in the moderate temperature dependent region II from
18K to 40K. The trap depth ®,, the Schottky barrier height ®p and the trap
concentration N; were used as fitting parameters. The goodness of fit R? is also
tllustrated as well as the unchanged P doping concentration Np. Moreover, the
average results are indicated in green.

Figure 6.5a shows an overview of the field emission (FE) model applied to the
measured leakage current densities in sample R1870E for the slightly temperature
dependent region I (see figure 6.2a). The FE model delivered good fitting results
and yielded an average value for the Schottky barrier height of &5 = 0,695eV" as
well as a goodness of fit of R? = 0,927. A complete overview of all fitting results
is given in table 6.2. On top of that, the combined fitting model of field emission
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and trap assisted tunnelling matched very nicely to the experimentally observed
leakage current densities in the temperature range from 18K up to 40K (see
figure 6.6). Interestingly, we observed an averaged trap depth of 42, 1meV which
is indeed in good agreement with literature values for the phosphorous energy
level in Si (£ = 45bmeV) [127, 128, 129]. Moreover, an average trap concentration
of 5,0-10m=3 was found for this sample which seems to be quite a reliable
result since this value is far below the maximal value of background impurities
obtained in section 4. Additionally, a Schottky barrier height of ®5 = 0,696V
was detected which is regarding the simplifications also in good accordance with
literature values of &5 &~ 0,72eV [130, 131, 132]. An overview of the results is
shown in figure 6.6 and table 6.3 for different temperatures.

sample T fit model | @, [eV] | 5 [eV] | Ny [m™3| | R?

R1870E 1,4K-15K | FE - 0,695 - 0,927
R2030B6 | 1,4K-15K | FE - 0,682 - 0,959
R2043A16 | 1,4K-15K | FE - 0,684 - 0,933
R1931A13 | 1,4K-15K | FE - 0,626 - 0,912
R1870E 18K-40K | FE+TAT | 0,0421 | 0,696 5,0-101 | 0,974
R2030B6 | 18K-40K | FE+TAT | 0,0437 | 0,684 1,25-10% | 0,977
R2043A16 | 18K-40K | FE4+TAT | 0,0461 | 0,675 2,41-10' [ 0,976
R1931A16 | 18K-40K | FE+TAT | 0,0441 | 0,618 1,25-10% | 0,969

Table 6.4: Overview of the average results of all investigated samples for the
temperature dependent regions I and II respectively. In the temperature range
from 1,4K to 15K, we solely used field emission, whereas in the range from 18K
to 40K we applied a combination of field emission and trap assisted tunnelling.
It 1s clearly visible that all samples behave almost equal and that the results are
definitely reliable.

In comparison to the fitting results of sample R1870E, sample R2030B6 showed
very similar results (see appendix B). Here, we extracted a Schottky barrier height
of 0,682eV and R? = 0,959 in region I, whereas we found ®p = 0,684eV,
®, = 0,0437¢V and R? = 0,977 in region II (18K to 40K). However, we ob-
tained N, = 1,25-10%m ™3 which is markedly higher than the result in sample
R1870E. If we now have a closer look at the magnetotransport measurements in
both samples, we clearly see that sample R2030B6 (n = 4,48-10"cm™2) com-
pared to the transport data of R1870E ? exhibited a distinctly higher charge
carrier density in the ungated region than expected from the nominally wanted P
volume doping degree. Consequently, a stronger P segregation process seems to be
possible and therefore a higher N, is realistic. The analysis of sample R2043A16
resulted in @5 = 0,684eV and R? = 0,933 for region I which perfectly confirms
the averaged results obtained in R2030B6 and R1870E. In region IT we extracted

3n = 3,810 em ™2 obtained in the PhD thesis of Sailer [25]
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bp = 0,675eV, Ny = 2,41-10"m=3, R* = 0,976 and ®; = 0,0461eV (see ap-
pendix B). Unfortunately, the high IV, value in this sample is not understood until
now. In contrary, the large Schottky barrier height can eventually be ascribed
to the largest spacer layer which attenuates the charge carrier tunnelling process
from the QW into the modulation doping layer. Finally, sample R1931A13 was
checked. In region I we determined R? = 0,912 and ®5 = 0,626 which is the low-
est Schottky barrier height up to now. A possible explanation for this phenomenon
could be the quasi "6 — doping" layer which contains nominally 7,2-10%cm=3 P
doping and therefore maybe faces a stronger P segregation which can drastically
lower the Schottky barrier height as proposed by Wild et al. [125]. Additionally,
we observed &5 = 0,618¢V, &, = 0,0441eV, R? = 0.969 and N, = 1,25-10%m =3
in region II. In table 6.4 all obtained average fitting results for region I and II
are summarized. A precise overview of every single result calculated from each
temperature is given in appendix B.

6.2.2 Temperature range from 40 to 100K

For temperatures higher than 40K, the FE model is no longer suitable to fit
the measured leakage current densities (see equation 2.30). However, according
to equation 2.34, thermionic field emission (TFE) should be an accurate fitting
model to describe the experimentally obtained data.

Consequently, in a first step the TFE model was applied to sample R1870E for
the strongly temperature dependent leakage current densities in a range from
40K up to 100K in region III (see figure 6.2a). This was also done in the master
thesis of Schafberger [98] and resulted in an averaged Schottky barrier height
of ®p = 0,705eV with an average R? = 0.9645. These results revealed a good
agreement of the TFE fitting model with the experimental data in this temperature
regime. Moreover, we reviewed the applicability of thermionic emission (TE),
which is also a possible mechanism for this temperature region. The corresponding
fits however resulted in distinctly smaller Schottky barrier heights and a markedly
poorer averaged R?, see [98]. As a consequence, the temperatures seem to be too
low for a completely thermal activated leakage current mechanism. Hence, we
conclude that the electric field still contributes to the leakage currents.

Despite all these attempts, we furthermore checked a combination of TFE and
TAT since TAT is also a possible leakage current mechanism and was shown to
significantly contribute to the leakage current densities in the temperature range
from 18K to 40K. In the scope of this analysis, we again used the Schottky barrier
height ® g, the trap depth ®, and the trap concentration V; as fitting parameters,
whereas the P doping concentration Np was kept constant.
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Figure 6.7: This image shows a zoom into some fits of sample R1870E in the tem-
perature regime from 40K to 80K. The combination of thermionic field emission
(TFE) and trap assisted tunnelling (TAT) yielded the best fitting results.

TI|K| | @ [eV] | @5 [eV] | Np [em™3] | Ny [m™3| | R?

44 0,04014 | 0,6606 9,0-10' 5,10- 10" | 0,9899
48 0,03773 | 0,6085 9,0-10' 4,88-10% | 0,976
02 0,03957 | 0,6069 9,0-10% 5,21-10% | 0,9938
56 0,04292 | 0,6071 | 9,0-10"7 | 4,55-10™° | 0,9604
60 0,045 0,6213 9,0-10'7 4,88-10% | 0,9824
64 0,040 0,6049 9,0- 107 5,21-10% | 0,9805
68 0,03982 | 0,6081 9,0-10'7 4,54-10'% | 0,983
72 0,03972 | 0,6097 9,0-10' 5,06 - 101 | 0,9949
76 0,03777 | 0,7071 9,0-10% 4,46-10% | 0,9849
30 0,03597 | 0,6258 19,0-107 | 5,54-10™ | 0,9837
average | 0,0403 | 0,626 9,0-10'7 4,88-10% | 0,983

Table 6.5: Overview of the results obtained with a combination of thermionic field
emission and trap assisted tunnelling in the strong temperature dependent region
III from 40K to 80K in sample R1870FE. The trap depth ®,, the Schottky barrier
height ®p and the trap concentration Ny were used as fitting parameters. The
goodness of fit R? is also illustrated as well as the fived P doping concentration
Np. Moreover, the average results are indicated in green.

Thus, we observed good fitting results up to a temperature of 80K. Here we
determined an averaged ®p = 0.626eV, &, = 0,0403eV and a trap depth of
N, = 4,878 -103m =3 for a R? = 0.983. Higher T however led to unrealistic trap
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depths and Schottky barriers. This circumstance brings us to the conclusion that
above 80K, TFE is the dominant leakage current mechanism. Figure 6.7 and table
6.5 display the fitting results in the temperature range from 40K to 80K, where
a combination of TFE and TAT yielded the best results.
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Figure 6.8: This image shows an exemplary zoom into two thermionic field emis-
ston fitting results of sample R1870F for T' = 84K and T' = 100K respectively.

T|K| | ® |eV]| @5 [eV] | Np [em™3] | R?

84 0,045 0,7322 9,0-10' 0,9786
88 0,045 0,7397 | 9,0-107 0,9723
92 0,045 0,7461 9,010 0,9901
96 0,045 0,7483 9,010 0,9356
100 0,045 0,7555 9,0-10' 0,9569
average | 0,045 0,744 9,0-10'7 0,9667

Table 6.6: Overview of the thermionic field emission temperature dependent re-
sults in sample R1870FE. The P doping concentration Np and the trap depth ®;
were fived whereas the Schottky barrier height ®p was used as the only fitting
parameter. The goodness of fit R? is also shown. The average results are still
indicated in green.

Furthermore, figure 6.8 and table 6.6 present the results for the TFE model applied
to temperatures from 80K to 100K, where we observed ®5 = 0.744eV and R? =
0.9667 for fixed ®; = 0,045eV and Np = 9,0-10"cm 3. In comparison to the
results achieved in sample R1870E, sample R2043A16, which was also measurable
up to 100K, showed a similar behaviour. Indeed we figured out an averaged
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Schottky barrier height of 5 = 0,604eV an average trap depth of &, = 0,046eV
and a trap concentration N, = 2,20-10"m = with a goodness of fit R? = 0,988
in region III from 40K to 80K (TFE+TAT), whereas in the temperature range
from 80K to 100K we observed ®5 = 0, 704eV for R? = 0,943 by using solely the
TFE model.

6.3 Conclusion

In the first part of this chapter we studied temperature dependent leakage cur-
rents of four different samples. After an interpolation of the measured data to a
regular voltage scale, 3D leakage current density maps were determined. By close
inspection of the 3D maps obtained in this way, two or three different 7" depen-
dent regions could be identified. Interestingly, all samples contained exactly the
same 71" dependent borders in each region. Region I, which ranges from 1,4K to
15K, showed a very slight T" dependence, whereas section II, starting from 18K
and ending up at 40K, displayed a greater leakage current density increase. In
contrast, region III, which was only observed in two of the investigated samples,
exhibited the strongest temperature dependence from 40K to 100K. Further-
more, we observed a strange phenomenon of suddenly appearing dips/peaks at
certain gate voltage values during each leakage current measurement which was
shown to be independent of sweep rate, direction and time |98, 13|. Indeed, this
effect could be ascribed to the population /depopulation of the 2DES since we were
able to bring the temperature dependent peak/dip voltage values in the leakage
currents in line with temperature dependent pinch-off voltages.

In the second part, the main focus was laid on the mechanisms behind leakage
currents in our Si/SiGe heterostructures. Based on our previous findings in chap-
ter 5, we already knew that above a threshold top-gate voltage a strong charge
carrier transfer process into the modulation doping layer sets in which persistently
occupies the P atoms. Therefore it is justified to assume that the largest contri-
bution to the leakage currents comes from an electron transfer of still occupied
phosphorous states in the doping layer to the top-gate at the sample surface. As
a matter of fact, this simplification allowed us to apply different leakage current
models to our two-dimensional electron systems, which are based on a triangular
barrier.

Consequently, we were able to gather very good fits to our data in all samples. In
region I (1,4K to 15K), we used the field emission model which resulted in an aver-
aged Schottky barrier height of &5 ~ 0,687¢V with a goodness of fit R? > 0,912.
In the temperature range from 18K to 40K (region II), where a combination of
field emission (FE) and trap assisted tunnelling (TAT) seemed to be best suited,
we attained an averaged ®p ~ 0,684eV, a trap depth &, ~ 0,0442eV and trap
concentrations Ny < 2,41 -10'"m =2 which are reasonable results. However, sample
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R1931A13 showed slightly lower Schottky barriers in both regions I and IT respec-
tively. A possible explanation for this circumstance is the quasi "6 —doping" layer
(nominally Np = 7,2-10"®cm™3) which might cause a stronger P segregation and
therefore decreases the Schottky barrier [125]. In region III, which starts from
40K and ends up at 100K, we utilized a combination of thermionic field emis-
sion (TFE) and trap assisted tunnelling (TAT). Close inspection revealed good
fitting results of &5 =~ 0,626eV and ®; ~ 0,0403eV as well as trap concentrations
N; < 2,7-10""m =3 up to a temperature of SOK. Interestingly, the observed trap
concentrations coincided well with the ones obtained in the temperature depen-
dent region II. Above 80K, TFE alone yielded the best fits thus we extracted an
averaged Schottky barrier of &5 = 0, 724eV . Nevertheless, it is possible that TFE
is the only appropriate fitting model in the entire region III since Schafberger et
al. achieved also very good results (®5 = 0,705eV for R* = 0,965) using solely
TFE [98].

In summary, the fitting results of the observed trap depths can be clearly linked to
the energy level of phosphorous atoms (45meV’) in Si [127, 128, 129] and therefore
seem to be very realistic. Moreover, this result is a strong hint that a trap assisted
tunnelling mechanism in the modulation doping layer is possible and that the
observed charge reconfiguration and disorder effects (see section 5) can be reliably
attributed to the P states. Additionally, the obtained Schottky barrier heights
were in good agreement with literature values of Pd/Si junctions &g ~ 0, 72eV
[130, 131, 132] and therefore confirm the correctness and validity of the applied
models to our Si/SiGe two dimensional electron systems.
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The goal and the associated challenge of this thesis was to investigate and im-
prove the heterostructure design in order to adjust a precise field-effect control of
Schottky top-gated Si/SiGe two-dimensional electron systems (2DES).

In the first part of this work, we focussed on the optimization of the heterostruc-
ture design. We utilized an unrotated epitaxy process to efficiently exploit different
gradients which arise due to the MBE cell geometry. Using XRD RSM and magne-
totransport measurements, we investigated and precisely mapped both LT-Si and
graded buffer based Si/SiGe heterostructures with respect to the effective Ge con-
tent zge, ,,, the degree of relaxation R, as well as the P doping gradients along the
wafer. Using these parameters as input parameters in numerical band structure
simulations, we can identify the most suited samples in order to reach high mobil-
ities and large gate voltage intervals without disturbing charge reconfigurations.
The latter are caused by tunnelling events from the QW to the P modulation dop-
ing layer when the energy level of the P states crosses the Fermi energy. In this
context, we discovered the highest mobilities in the ungated region of our Schottky
top-gated 2DES in those samples with an effective Ge content of approximately

35% and a charge carrier density in the range of 2,5 — 3,5-10"em ™2

These results underline the importance of a precisely controlled doping profile for
the realization of a high quality 2DES. After introducing an optimized calibration
for phosphorous (P) doping in SiGe, we thus investigated the precision in doping
concentration of the GaP cell. Unfortunately, it was not possible to precisely con-
trol the GaP cell so that the desired carrier density range of n < 3,5-10em =2
could not be stably adjusted in the upper part of the wafer where we observed the
highest degree of relaxation. Nevertheless, we always achieved carrier densities
with n > 3,5-10"em ™2 at different positions in the investigated wafers due to
the arising P doping gradients. If we then extract samples from a wafer fabri-
cated during a new growth series, which exhibit a fairly convenient charge carrier
density in the ungated region and a Ge content of approximately 35%, we showed
that covering these samples with Schottky top-gates results in record mobilities
of p =4,78- 104% for an L'T-Si based 2DES. During our mobility analysis, we
additionally addressed other mobility limiting mechanisms in Si/SiGe heterostruc-
tures. Conducting a so-called scattering time analysis, we identified long-range
scattering events to be the main mobility limiting mechanisms. This result was
in very good agreement with former investigations of Lang and Tbrahim [85, 107].

113
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Interestingly, we found two carrier density regimes, in which we could discrimi-
nate between background and remote impurity scattering as the dominant scat-
tering mechanism. In the first density section where n ~ 1,9 —2,6-10"em =2, we
achieved a good fitting result with a fit of the form y = a-n’ + ¢ and extracted
a fitting parameter b = 0,52 (goodness of fit R? = 0,981) which confirms that
the dominant scattering mechanism in this density range is background impurity
scattering. In contrary to these observations, the second density regime appeared
for n =~ 2,6 —4,95-10"em=2. Here, we extracted a parameter b ~ 2,0 with a
goodness of fit of R? = 0,986. This is a strong hint that inside this density section
scattering on remote impurities is the main mobility limiting mechanism. Based
on these findings, we moreover estimated the background impurity concentration
t0 Npaer =~ 2 — 4-10%em =3 which is also in good agreement with previous results
of Sailer and Wild [25, 13].

In a next step, we studied the field-effect control of Si/SiGe heterostructures. We
for the first time discovered a strong correlation of the P doping concentration
and the measured capacitive coupling C,, between the Schottky top-gate and the
2DES along the P doping gradient. This observation could not be explained,
neither with the charge reconfiguration model suggested by Wild et al. [13], nor
with the predicted capacitive coupling formula of Thn [35]. In order to solve this
experimental observation we extended the charge reconfiguration model. First of
all, we showed that a higher P doping leads to a lowering of the conduction band
minimum in the modulation doping layer so that the Fermi energy is already equal
to the P energy states even without an applied gate voltage. As a result, a fraction
of the P states stay neutral. Applying a gate voltage then results in charge transfer
between 2DES and the doping layer and therefore a further neutralization of the
P atoms. However, time resolved gate jump experiments showed that within the
linear regime of the n versus Ug gate sweep curve, the charge transfer rate is low
and distinctly slower than the gate sweep rate so that the slope in the n versus Ug
curve still behaves linearly. Based on these facts, we invoked a polarizability of
neutral P atoms in the modulation doping layer. This polarizability explains the
experimentally observed increasing C,,, for an increasing P concentration since the
dielectric constant in the doping layer €g;qe.p directly increases with an increasing
degree of neutral P atoms. Then, we developed a quantitative method to fit the
measured capacitive couplings as a function of the effective Ge content ¢, ,, and
the degree of neutral impurities N in the modulation doping layer. The resulting
fit parameters were reliable and allowed us to evaluate the dielectric constants
of MBE grown Si and Ge. The extracted dielectric constants (eg; = 9,4 and
€ge = 12,7) were approximately 20% smaller than the literature values which is
a realistic result regarding the simplifications in this quantitative method. The
extended charge transfer model was not only suitable to explain the observed
correlation between the P doping concentration and the capacitive coupling C,,,
but could also be included in the model explaining the experimental n versus Ug
hysteresis of our gated two-dimensional electron systems.
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In a final part, we reviewed the influence of leakage currents on the controlla-
bility of our Schottky gated two-dimensional electron systems. In a first step,
the temperature dependence of leakage currents was examined. As a result, we
discovered two or three different temperature dependent regions which contained
exactly the same temperature borders in all investigated samples. Interpolating
the experimental data to a constant voltage scale, allowed us to determine 3D
leakage current density maps. Under close inspection of these 3D maps, it is obvi-
ous that region I, which ranges from 1,4K to 15K, showed a slight T dependence,
whereas section II, ranging from 18K up to 40K, displayed a moderate leakage
current density increase. Finally region III, which was only observed in two of the
investigated samples, exhibited a strong 7' dependence up to 100K.

In order to detect possible sources which are responsible for an early onset of leak-
age, we then applied several leakage current models to get further informations
about Schottky-gated Si/SiGe heterostructures. Based on our extended charge
transfer model, we already knew that above a threshold voltage a charge transfer
process into the barrier region sets in. Therefore, it seems justified to assume that
the largest amount to the leakage current stems from an electron transfer of the
still occupied P states to the Schottky top-gate at the sample surface. This sim-
plification allows us to use different leakage current models, which are based on
a triangular barrier, to our heterostructures. In the leakage current analysis, we
then performed fits to the experimentally measured and temperature dependent
data which allowed us to extract important parameters like the Schottky barrier
height ®p, the trap concentration NV, and the trap depth ®,. As a result, field
emission (FE) was found to be the dominant mechanism in region I and a Schottky
barrier height in the order of ® ~ 0, 687¢V with a goodness of fit R? > 0,912 was
evaluated. For comparison, in the temperature dependent region II, we obtained
the best fits with a combination of field emission and trap assisted tunnelling
(TAT). Here, we determined &5 ~ 0,684eV, &, ~ 0,0442¢V as well as a trap
concentration of N, < 2,41 -10"m ™3 which are realistic results. In region III, we
found a combination of thermionic field emission (TFE) and trap assisted tun-
nelling to be best suited to fit our experimental leakage currents up to 7' = 80K.
Indeed, we extracted ®5 ~ 0,626eV, &, ~ 0,0403eV and N, < 2,7-107"m=3.
Above 80K TFE alone yielded the best results, that is a Schottky barrier height
of g ~ 0,724eV .

Based on these insights, we could link the observed trap depths with the liter-
ature energy level of phosphorous atoms in Si (45meV’) [127, 128, 129] which is
a strong hint that the charge transfer processes into the barrier region and the
discovered disorder effects can be reliably attributed to a charging of P states.
Moreover, the extracted Schottky barrier heights showed a good agreement with
literature values of Pd/Si junctions with ®p ~ 0,72¢V {130, 131, 132| and there-
fore confirms the applicability and validity of the applied leakage current models
to our Si/SiGe heterostructures. While Wild [13| was not able to find out a final



116 Summary and outlook

correct fitting strategy in order to exactly trace the n versus Uy gate sweep curve,
our experimentally observed lower Schottky barrier heights as well as the 20%
smaller dielectric constants of Si (9,4) and Ge (12,7) point to the applicability of
his proposed fitting strategy one.

In future experiments, the charge transfer model which was extended by a po-
larizability of neutral P atoms in the doping layer to explain the experimentally
observed increasing capacitive coupling C,, with increasing P doping concentra-
tion has to be checked further to fully confirm this model. Furthermore, the
experimentally obtained dielectric constants of MBE grown Si and Ge should be
further investigated to find out whether the values for MBE material differ from
literature values. Here, separated studies on MBE grown Si, Ge, and SiGe lay-
ers might be helpful. Additionally, other material systems like Ge/SiGe hole or
GaAs/AlGaAs two-dimensional electron systems are of great interest to test the
model.

In summary, we showed that a precise controllability of the entire heterostructure
and in particular the P doping is essential with respect to charge noise, which can
be induced by random charge reconfigurations. This fact is one of the greatest
challenges in few to single-electron devices. As a matter of fact, this circumstance
can stretch the epitaxy cells to their controllability limits. Regarding modulation
doped heterostructures, one way could be a field-effect based control of the ion-
ization of the donors by a precise positioning of the band structure. First studies
in double quantum dots (DQDs) in which an additional global top-gate covers the
entire doping area showed good results [11]. Another way could be the omission of
the doping layer and the implementation of a 2DES with a MOS-like Si/SiGe het-
erostructure [133]. In this context, also promising results regarding the coherent
control of spin qubits were demonstrated [134]. However, regarding the accumula-
tion mode devices, the boundary surface between semiconductor and oxide comes
to the fore. Therefore, only few studies on single-electron devices which are based
on this topic are available yet.
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Figure A.1: a) Drawing of the basic sample layout of wafer R2029. The modu-
lation doping layer is 15 nm thick with a nominally phosphorous doping concen-
tration of 0,9-10%cm™3 (Tgep = 649°). b) Overview of the results of different
samples concerning both the carrier densities (n) and mobilities (u) in vertical and
horizontal wafer direction. The corresponding phosphorous doping gradients are
indicated with orange arrows. Different colours highlight the quality (mobility) of
the samples. ¢) The appropriate results of both the carrier density and the mobility
in the ungated as well as the gated regions are shown in dependence of the wafer
position. The quality of each sample is indicated by different colours. Red displays
w=1- 1036"}1; up to 1- 10403;2, mobilities in the range of 1- 104% to 2-104%
are shown in light blue, green stands for mobilities in the range of 2- 104% to

4- 104%. Additionally, the mazimal gate controllable region and the capacitive

coupling C' = aaT”G are illustrated.
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For the sake of completeness, we give a brief overview of all remaining samples of
different wafers and the special positions which were systematically investigated
via magnetotransport measurements in the gated as well as the ungated Hall-bar
regions during this thesis. The experiments were performed by using the standard
magnetotransport set-up which was precisely explained in section 3.6.3.

In a first step, the charge carrier densities and the mobilities, which served as a
figure of merit in our Si/SiGe heterostructures, were studied in dependence of the
different gradients as already presented in section 4. The mobility of each sample
was therefore highlighted similarly by different colours. Red, denotes mobilities

from 1- 103631—; up to 1-104 C{}f, light blue stands for mobilities in the range of

1-104% to 2-1040‘7/”82, green illustrates mobilities from 2-104% to 4- 104%.
Finally, the charge carrier density gradients were indicated in every wafer by
orange arrows. Moreover, an exact overview of the maximally gate controllable
regions and the capacitive coupling C,, = 8‘97”(;, which was extracted from the
linear slope in the n versus Ug curve in the gated Hall-bar region, is given for each
sample. Interestingly, C, was always found to increase with increasing modulation
doping degree along the P doping gradient (see figure A.1-A.4). This phenomenon

was explicitly studied in section 5.

To start our overview, we present wafer R2029 which had a nominally P modu-
lation doping concentration of 0,9-10"%cm™3 (T = 649°C). The entire sample
structure is shown in figure A.la, whereas figure A.1b displays the positions of
different samples on the wafer. As a result, we observed a charge carrier density
of 6,26 -10"cm™2 in the wafer center. This is drastically higher than the desired
density (nugmin) range between 2,5-10"em™2 and 3,5-10"em™2 in the upper
half of the wafer which was suggested in section 4.2.2 to be the most promising
density range in order to reach high mobilities and simultaneously suppress charge
reconfiguration and disorder effects.

Furthermore, the sample structure as well as the transport results of wafer R2031,
which was fabricated in the same growth series like wafer R2029 and R2030 (see
section 4), are presented in A.2a-c. The overall sample structure was grown com-
pletely identical to wafer R2029 except for the nominal P modulation doping
degree which had a higher doping degree of 1,3-10%¥cm ™3 (Tx = 655°C) instead.
However, in comparison to wafer R2029, wafer R2031 showed a lower charge carrier
density nygmin = 5,59-10"em ™2 in the wafer center, which was very surprising,
since the nominally P doping degree in the modulation doping layer was higher.
This circumstance was possibly caused by the worse controllability of the temper-
ature controlled GaP doping cell which had been investigated in section 4.3.

In order to prevent a renewed phosphorous overdoping, two completely identi-
cal wafers R2035 and R2036 with a reduced GaP cell temperature T = 647°C
were fabricated, see figures A.3a-f. Additionally, the Si capping layer was slightly
increased up to 7Tnm.
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Figure A.2: a) Image of the basic sample layout for wafer R2031. This wafer
1s completely identical to wafer R2029 except for the nominally P doping concen-
tration which is 1,3-10%cm™3 (Tg.p = 655°) instead. b) Overview of the results
of different samples concerning both the carrier densities n and mobilities p in
vertical and horizontal wafer direction. The corresponding P doping gradients are
indicated with orange arrows. Different colours display the quality (mobility) of
the samples. ¢) Overview of the results of both n and p in the ungated as well as
the gated regions in dependence of the wafer position. The quality of the samples,
which is given by the maximum mobility, s highlighted in similar colours like in
wafer R2029. Additionally, the maximal gate controllable region and C' are shown.

Moreover, we manufactured both wafers within three days to test the reproducibil-
ity of the GaP cell. Indeed, the charge carrier density n,q min could be reduced
to 4,7-10"em ™2 and 3,9-10"em ™2 in the vicinity of the wafer center in wafer
R2035 and R2036 respectively, see figures A.3b,c,e,f. However, the desired density
range Nygmin < 3,5-10"em™2 in the upper half of the wafer could still not be
employed. Nevertheless, the charge carrier density in the wafer center has been
markedly reduced. Based on these insights, we produced a last wafer R2042, which
was grown completely identical to wafer R2029 except for a further reduced the
nominal phosphorous doping concentration of 0,7-108cm ™3 (Tg.p = 645°C), see
figure A.4a. However, the results of the charge carrier density n,g mi, in the wafer
center were puzzling.
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Figure A.3: a) Drawing of the basic sample layout for wafer R2035. This wafer
exhibited a nominally P doping concentration of 0,75-10%cm™3 (Tg.p = 647°)
and a Si capping layer of Tnm. b) and ¢) Overview of the results of both the
carrier density n and the mobilily p in the ungated as well as the gated regions.
Moreover, the mazrimal gate controllable region and the capacitive coupling are
shown. d)-f) Overview of the corresponding results in wafer R2036. This wafer
was reproduction of wafer R2035.
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Figure A.4: a) Drawing of the basic sample layout for wafer R2042. This wafer
was completely identical to wafer R2031 but exhibited a nominally P modulation
doping of 0,7-108cm™3 (Tgap = 645°). b) and c¢) Overview of the results of both
the carrier density n and the mobility p in ungated as well as gated regions. More-
over, the mazimal gate controllable region and C' are still illustrated. Furthermore,
sample R2042A9 was covered with a gate insulator in the gated Hall-bar region in
order to check the hysteresis behaviour since we observed no saturation regimes in
high modulation doped Schottky gated samples.

Contrary to our expectations, the experimentally obtained charge carrier den-
Sity Nuygmin in the wafer center drastically increased to 6,44 - 10 em ™2 see figure
A.4b,c. This circumstance gives a clearly points to the worse controllability of the
GaP cell. Due to the fact that the charge carrier density was to high in wafer
R2042, we solely observed a linear slope in the n versus Ug curve in the Schottky
gated samples (for further information see section 5). In order to run the rule
over this phenomenon, we covered sample R2042A9 with an Al,O3 gate insulator

to be able to apply higher gate voltages. As a result, a complete hysteresis loop
could be performed.






B Leakage current density fitting
results

In the following, we present all experimental leakage current fitting results of the
remaining investigated samples (R2030B6, R2043A16, R1931A13). Starting with
a temperature range from 1,4K to 15K, we already know from section 6 that
field emission (FE) is the dominant leakage current mechanism. After that, the
temperature range from 18K to 40K, where a combination of field emission and
trap assisted tunnelling (TAT) yielded the best fitting results, is treated. Finally,
the temperature range from 40K to 100K, which was only once more achieved
in sample R2043A16 and was fitted up to 80K by a combination of thermionic
field emission (TFE) and trap assisted tunnelling (TAT), is displayed. For the
temperature range from 80K to 100K, TFE purveyed the best fits.

B.1 Temperature range from 1,4K to 15K

Field Emission R2030B6
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Figure B.1: Zoom into a few field emission fitting results of sample R2030B6
in the temperature range of 1,4K up to 15K. These results showed an average
goodness of fit R? = 0,959. Results for every temperature are shown in table B.1.
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T|K| | @ |eV] | ®p |eV] | Np [em™3] | R?

1.4 0,045 0,682 1,1-10% 0,964
4,2 0,045 0,680 1,1-10% 0,968
6,0 0,045 0,680 1,1-10'% 0,968
9,0 0,045 0,680 1,1-10'% 0,955
12 0045 10682 [ 1,1-10% | 0955
B 0,045 10684 [ 1,1-10% |0934
average | 0,045 | 0,682 1,1-10"% | 0,959

Table B.1: Querview of the field emission results in sample R2030B6. The trap
depth ®; and the P doping concentration Np were fized, whereas the Schottky
barrier height ®p was used as the only fitting parameter. The goodness of fit R?
15 also wllustrated. Moreover, the average results are indicated in green.

Figure B.1 and table B.1 give an overview of the field emission results in sample
R2030B6 in the temperature range from 1,4K to 15K. We took the Schottky
barrier height ®p5 as the only fitting parameter, whereas the trap depth ({ =
0,045eV see literature values for P energy levels in Si [127, 128, 129|) and the
phosphorous doping concentration Np were fixed. In this way, we were able to
gather an average Schottky barrier height of &5 = 0,682eV with a goodness
of fit R? = 0,959. In comparison, sample R2043A16 (see figure B.2 and table
B.2) showed an averaged Schottky barrier height of 0,684eV with R?* = 0,934.
Both results are in good agreement and hence give a clear hint for the correct
applicability of the F'E leakage current model in this temperature range.
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Figure B.2: Zoom into a few field emission fitting results of sample R2043A16 in
the temperature range of 1,4K up to 15K. The results showed an average goodness
of fit R?> =0,934. Results for each temperature are shown in table B.2.
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T|K| | & [eV] | @ |eV] | Np [em™3] | R?

1,4 0,045 0,683 9,0-10" | 0,940
3,0 0,045 0,690 9,0-10' | 0,892
6,0 0,045 0,686 9,0-10' | 0,955
9,0 0,045 0,685 9,0-10' | 0,939
12 0,045 0,682 9,0-10" | 0,939
15 0,045 0,681 9,0-10" | 0,920
average | 0,045 0,684 9,0-10' 0,934

Table B.2: OQuverview of the field emission results in sample R20/3A16 in the
range from 1,4K to 15K. The trap depth ®; and the P doping concentration Np
were fized, whereas the Schottky barrier height ®5 was again employed as the only
fitting parameter. The goodness of fit R? is also illustrated. The average results
are indicated in green.

In contrast to the above mentioned samples R2030B6 and R2043A16, sample
R1931A13 showed a distinctly lower Schottky barrier height in this temperature
regime. We found an averaged ®5 = 0, 626eV with a goodness of fit R? = 0,912,
see figure B.3 and table B.3. We suppose that this phenomenon stems from the
high quasi "§ — doping" ' with Np = 7,2-10'8c¢m™3 (see table 6.1 in section 6)
which could markedly reduce the Schottky barrier height due to a possible stronger
phosphorous segregation as proposed by Wild et al.[125].
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Figure B.3: Zoom into some field emission fitting results of sample R1931A13
in the temperature range from 1,4K up to 12K. These results showed an average
R? =0,912. The data for each temperature are listed in table B.S.

lin this sample the modulation doping layer is only 2nm thick
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T|K| | @ |eV] | ®p |eV] | Np [em™3] | R?

1,4 0,045 0,626 7,2-10'% | 0,886
3,0 0,045 0,623 7,2-10% 0,921
4.2 0,045 0,626 7,2-10% 10,919
6,0 0,045 0,622 7,2-10% 10,925
9,0 0,045 0,634 7,2-10% 0,920
12 0,045 0,625 7,2-10% 0,930
average | 0,045 0,626 7,2-10'% | 0,912

Table B.3: Ouerview of the field emission results for several temperatures in the
range from 1,4K to 12K in sample R1931A13. Additionally, the goodness of fit
R? is illustrated. The average results are still indicated in green. Interestingly, the
Schottky barrier height was slightly lower than in the other samples.

B.2 Temperature range from 18K to 40K

If we now increase the temperatures over 18K, a combination of field emission
and trap assisted tunnelling led to the best fitting results, see section 6. In sample
R2030B6 we therefore achieved an averaged trap depth of &, = 0,0437¢V, a
Schottky barrier height of ®5 = 0,684eV and a trap density N, = 1,25-10%m =3
with an averaged goodness of fit R? = 0,977. A precise overview of some important
fitting results is given in figure B.4 and table B.4.
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Figure B.4: Zoom into fitting results of sample R2030B6 where a combination of
field emission and trap assisted tunnelling was used. The results exhibit an average
R? =0,977. Ezact data for every temperature are listed in table B.4.
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TI|K] | & [eV] | ®p [eV] | Np |em™3] | Ny |[m™3| | R?
18 0,0488 | 0,682 1,1-10"® [ 1,25-10" | 0,923
21 0,0467 | 0,682 1,1-10"% [ 1,25-10" | 0,935
24 0,0483 | 0,682 1,1-10"% [ 1,25-10" | 0,991
27 0,0428 | 0,683 1,1-10% | 1,25-10" | 0,988
30 0,0413 | 0,684 1,1-10" [ 1,25-10™ | 0,997
33 0,0400 | 0,685 1,1-10" [ 1,25-10™ | 0,998
36 0,0387 | 0,687 1,1-10"® [ 1,25-10"™ | 0,992
40 0,0431 | 0,692 1,1-10"% | 1,25-10" | 0,989
average 0,0437 | 0,684 1,1-10% | 1,25-10' 0,977

Table B.4: Overview of the results obtained with a combination of field emission
and trap assisted tunneling in the moderate temperature dependent region II from
18K to 40K. The trap depth ®,, the Schottky barrier height ®p and the trap
concentration N; were used as fitting parameters. The goodness of fit R? is also
tllustrated as well as the unchanged P doping concentration Np. Moreover, the
average resulls are indicated in green.

Interestingly, sample R2043A 16 showed very similar results. We were able to ex-
tract an averaged trap depth ®;, = 0,0469¢V , a Schottky barrier of &5 = 0,675eV
and a trap concentration N; = 2,76-10"m™3 with an averaged goodness of fit
R? = 0,976. The reason why we obtained a markedly higher trap concentration is
not clear until now. Figure B.5 and table B.5 display an overview of some fitting
results.
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Figure B.5: Zoom into fitting results of sample R2043A 16 where a combination
of field emission and trap assisted tunnelling was used. The results exhibit an
average R?> = 0,976. The data for each temperature are shown in table B.5.
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TI|K| | ® [eV] | ®p [eV] | Np |em™3] | Ny [m™3] | R?
18 0,0406 | 0,697 9,0-10'7 | 4,73-10% | 0,947
21 0,0490 | 0,683 9,0-10'7 | 5,58-10% | 0,984
24 0,0450 | 0,679 9,0-10'7 | 2,98-10% | 0,979
27 0,0490 | 0,673 9,0-10'7 | 4,62-10' | 0,977
30 0,0490 | 0,675 9,0-10'7 | 4,53-10" | 0,966
33 0,0490 | 0,649 9,0-10'7 | 4,91-10" | 0,992
36 0,0401 | 0,670 9,0-10'7 | 2,14-10' | 0,977
40 0,0473 | 0,670 9,0-10'7 | 2,24-10" | 0,989
average  0,0461 | 0,675 9,0-10'7 | 2,41-10'7 | 0,976

Table B.5: Overview of the results obtained in the moderate temperature depen-
dent region II from 18K to JOK in sample R2043A16. The trap depth ®,, the
Schottky barrier height @ and the trap concentration Ny were used as fitting pa-
rameters. The goodness of fit R* is also illustrated as well as the unchanged P
doping concentration Np. Moreover, the average results are indicated in green.

In contrast to the samples R2030B6 and R2043A16, sample R1931A13 exhibited
again a markedly lower average Schottky barrier height &5 = 0,620eV, a trap
depth ®, = 0,0441eV and a trap concentration of 1,25-10"m =2 with a fitting
accuracy of R? = 0,969. Figure B.6 and table B.6 illustrate an overview of some
fitting results. Indeed, the calculated trap concentration NV; showed the same
value as in sample R2030B6. However, this circumstance is not understood up to
NOW.
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Figure B.6: Zoom into a few fitting results of sample R1931A13 where a combi-
nation of field emission and trap assisted tunnelling was used. The results exhibit
an average R?> = 0,969. The data for every temperature are shown in table B.6.
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TI|K] | & [eV] | ®p [eV] | Np |em™3] | Ny |[m™3| | R?
15 0,0481 | 0,625 7,2-10% [ 1,25-10" | 0,953
18 0,0466 | 0,627 7,2-108 [ 1,25-10" | 0,951
21 0,0453 | 0,627 7,2-10% [ 1,25-10" | 0,987
24 0,0440 | 0,630 7,2-10% [ 1,25-10" | 0,988
27 0,0431 | 0,627 7,2-10% [ 1,25-10™ | 0,992
30 0,0403 | 0,598 7,2-108 [ 1,25-10"™ | 0,977
33 0,0420 | 0,610 7,2-10"% [ 1,25-10" | 0,986
36 0,0418 | 0,597 7,2-10% [ 1,25-10" | 0,989
40 0,0404 | 0,621 7,2-10"% [ 1,25-10" | 0,976
average 0,0441 | 0,620 7,2-10"% | 1,25-10' | 0,969

Table B.6: Overview of the results obtained with a combination of field emission
and trap assisted tunnelling in the moderate temperature dependent region II from
18K to 40K. The trap depth ®,, the Schottky barrier height ®p and the trap
concentration N, were used as fitting parameters. The goodness of fit R? is also
tllustrated as well as the unchanged P doping concentration Np. Moreover, the
average results are indicated in green. The averaged Schottky barrier height was
again slightly lower than in the other examined samples.

B.3 Temperature range from 40K to 100K
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Figure B.7: Zoom into a few fitting results of sample R20/3A16 where a com-
bination of thermionic field emission and trap assisted tunnelling was used. The
results exhibit an average R?> = 0,988. The data for each temperature are listed in

table B.7.



130 B Leakage current density fitting results

TI|K| | ® [eV] | ®p [eV] | Np |em™3] | Ny [m™3] | R?
44 0,0429 | 0,621 1,1-10"% | 2,44-10' | 0,990
48 0,0467 | 0,579 1,1-10% [ 2,44-10'7 | 0,992
52 0,0450 | 0,546 1,1-10"% [ 2,00-10' | 0,986
56 0,0497 | 0,567 1,1-10% [ 2,44-10' | 0,990
60 0,0450 | 0,564 1,1-10"™ [8,80-10' | 0,986
64 0,0454 | 0,547 1,1-10"™ [2,00-10'7 | 0,985
68 0,0467 | 0,570 1,1-10"™ [2,44-10' | 0,986
72 0,0465 | 0,590 1,1-10" [ 2,44-10'7 | 0,984
76 0,0458 | 0,598 1,1-10" [ 2,44-10'7 | 0,991
80 0,0459 | 0,600 1,1-10% [ 2,44-10'7 | 0,995
average | 0,0460 | 0,624 1,1-10"® [ 2,20-10' | 0,988

Table B.7: Overview of the results obtained with a combination of thermionic
field emission and trap assisted tunnelling in the temperature dependent region II1
from JOK to 80K . The trap depth ®,, the Schottky barrier height ®p and the trap
concentration N, were used as fitting parameters. The goodness of fit R? is also
Wlustrated as well as the unchanged P doping concentration Np. Moreover, the
average results are indicated in green.

Thermionic Field Emission R2043A16

—— FE+TAT T=84K
15F  —— FE+TAT T=92K
— FE+TAT T=100K

10+

current density [A/m?]

0.42 0.44 0.46 0.48

Figure B.8: Zoom into a few thermionic field emission fitting results of sam-
ple R2043A16. The results exhibit an average R?> = 0,982. The data for each
temperature are listed in table B.8.

Finally, we investigated the temperature regime from 40K to 100K which was
only found in sample R2043A16 and R1870E (see section 6). In the range from
40K to 80K, we found that a combination of thermionic field emission (TFE) and
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trap assisted tunnelling was best suited to get very good fitting results. In doing
so, we still used the Schottky barrier height, the trap depth and the trap concen-
tration as fitting parameters whereas the P doping concentration was fixed. As
a consequence, we obtained ® = 0,624eV, &, = 0,0460eV, N, = 2,20-10'"m =3
with an averaged goodness of fit R? = 0,988. All relevant fitting results are given
in a brief overview in figure B.7 and table B.7. However, it was shown in section 6
that in the temperature range from 80K to 100K solely thermionic field emission
(TFE) yielded the best fitting results. As a matter of fact, we extracted an aver-
aged Schottky barrier &5 = 0,702¢V. An overview of these results is presented
in figure B.8 and table B.8.

T|K| | ® [eV] | @5 [eV] | Np [em™3] | R?

84 0,045 0,720 9,0-10' 0,982
88 0,045 0,683 9,0- 107 0,977
92 0,045 0,704 9,0- 107 0,979
96 0,045 0,702 9,0- 107 0,980
100 0,045 0,701 9,0-10' 0,984
average | 0,045 0,702 9,0-10'7 0,982

Table B.8: Overview of the thermionic field emission results of sample R2043A16.
Moreover, the goodness of fit R? is illustrated. The average results are still indi-
cated in green.






C Process technology

In this chapter, detailed information on the complete process technology which is
necessary to fabricate gated Hall-bar devices on Si/SiGe heterostrutures is given.
In the following, we will also give some background information on how and why
special steps were executed.

Sample cutting: All samples were usually cut out of different wafer regions into
5 x 4mm? pieces with a self made cutter, using a computer controlled diamond
scriber which can be precisely adjusted in x — y direction. Moreover, we ballasted
the diamond scriber arm with a weight of 50¢g to achieve a fine groove. In order to
avoid a covering of the sample surface with dirt e.g. very small cutting fragments
or dust, which can’t be blown away by a nitrogen purge, the entire process is
conducted in a flow box. Finally, the samples were broken out of the wafer and
put into a sample box.

Standard cleaning: The first step before the photo-lithography is a standard
cleaning process. Therefore, we cleaned the samples in two acetone baths and a
concluding isopropanol bath to remove all remaining acetone. Every time after
leaving the acetone baths, the samples were additionally flushed with acetone to
ensure a completely clean surface. Last but not least the samples were purged
dry with nitrogen. However, in the worst-case scenario where we still identify dirt
on the sample surface, we put the samples 20 seconds in an ultrasonic acetone
bath before the mandatory isopropanol bath and the nitrogen purging conclude
the cleaning process.

Photo-lithography: In every lithography step the same Shipley S1813 positive
resist and a NaOH developer (Allresist AR-326) is used which only differ in the
post lithography handling.

e standard cleaning

put sample on spinner: cover the surface with S1813 resist

e spinner parameters: acceleration 0, duration 35s, speed 4500 rpm

soft-bake on hotplate: 4min at 90°C'

e exposure mask aligner: 75s at 275W, hard contact

133
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e development: 40s in NaOH : Hb O =1:3
e stopping in DI water, purging with Ns
e for mesa etching: hard-bake 3min35s on hotplate at 120°C

Mesa etching:
e final etchant: HF(0,5%) : HNO3(96%) = 20 : 90
e etch time ~ 1min 45s
e ctch rate ~ 1%*

Mesa etching is the first step in the process chain. For our Si/SiGe material system,
it was shown that a mixture of diluted HF (0,5%) and a concentrated HNO;
(96%) in a ratio of 20:90 is suitable to wet chemically etch Hall-bar structures |25,
135]. In this case, the HNOj; oxidates the Si and SiGe whereas HF' removes the
material. The diluted HF(0,5%) was derived from a 40% H F' solution. Therefore,
we took 158ml DI water and mixed it quite good with 2ml HF (40%). As a matter
of fact, it is absolutely necessary to mingle the obtained diluted HF. Otherwise
a HF gradient would develop and lead to irregular etching results or would even
never etch.

Since the utilized etching process is diffusion limited [135] or in other words the
rate is determined by the speed at which the reactant can be supplied to the
sample surface, it is worthwhile to stir each sample continuously in the etch so-
lution. Moreover, one has to keep in mind that HNOQOj3 is very sensible to light
and decomposes after a while. Consequently, we maximally etch 3 samples before
we mix a new final etch solution. Finally, all etched samples were neutralized in
two DI water baths before they were purged with nitrogen. Last but not least all
the resist has to be removed from the sample surface. This is done by placing the
samples back to front in a warm acetone bath.

Ohmic contacts: Ohmic contacts are made by the deposition of a AuSbAu
tri-layer and a subsequent annealing step in a forming gas atmosphere. Sb has
shown to be the best candidate to form ohmic contacts in Si/SiGe two-dimensional
electron systems since it is the only n-type dopant which can be easily evaporated
and does not need high temperature annealing steps. The most important step
towards ohmic contacts are given in note form.

e standard cleaning
e standard photo-lithography, no hard bake!
e mounting of the samples on a glass slide with double side adhesive tape

e HF-Dip: 30s in 5% HF to remove the natural oxide
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Figure C.1: a) shows the sample structure after the AuSbAu evaportation. b)
Contact lead image after an annealing step at T = 375°C' under forming gas
atmosphere. ¢) Picture of a contact lead after the TiAu contact reinforcement. d)
displays the sample after the Pd top-gate deposition.

e thermal evaporation of AuSbAu

e sticking layer: 2nm Au, deposited at r4, <0, 3As?

e contact layers: 30nm Sb, 120nm Au, rg, < 0,5As™?

e annealing: forming gas atmosphere, t = 300s at 7' = 375°C' ramp = 250s

The deposition of the AuSbAu was conducted in the Univex A deposition machine
in the clean room of Prof. Weiss . The native oxide from the Si capping layer was
removed prior to the deposition process in a 30s HF'(5%) dip. Then the samples
were placed as fast as possible into the deposition machine since the HF' dip only
lasts maximally 30min. The deposition on his part was carried out after 1 hour of
pumping under a pressure of approximately 1-10"%mbar. First of all, a very thin
Au layer which serves as a sticking layer was deposited !. Next, the deposition
of the Sb and Au layers was carried out before a subsequent lift-off process was
performed in order to remove the metal from the unwanted positions. After that,
we performed an annealing step of the AuSbAu tri-layer in order to realise low-
resistive ohmic contacts. Therefore, we put 2 samples on a wafer piece in the

LA direct deposition of Sb onto the Hall-bar leads was not possible since the adhesion of Sb on
the Si surface is very bad.
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center of the annealing oven and heated them for 300s at a temperature of 375°C'
under a forming gas atmosphere. At these temperatures we see a characteristic
change of the metallic surface morphology from flat and shiny gold to dark and
grainy looking as depicted in figure C.1a and b. It was shown in the Phd thesis of
Sailer [25] that droplets form at the surface which build small inverted pyramids
and pierce through the entire layer structure to the strained Si channel so that an
ohmic contact is created.

Contact reinforcements:
e standard cleaning
e put sample on spinner: cover the surface with S1813 resist
e spinner parameters: acceleration 0, duration 35s, speed 6000 rpm
e soft-bake on hotplate: 4min at 90°C'
e exposure mask aligner: 90s at 2750, hard contact
e development: 40s in NaOH : H,O =1:3
e stopping in DI water, purging with Ns
e 1o hard-bake!
e mounting of the samples on a glass slide with double side adhesive tape
e no HF-Dip necessary!
e evaporation of TiAu
e sticking layer: 20nm Ti, using an electron beam evaporator (ebeam)
e bonding layer: 180nm Au, thermally evaporated

Since the ohmic contacts are created only through these little inverted pyramids,
the stability of these contacts has to be improved with a TiAu reinforcement layer.
In this way, all inverted pyramids are shortened so that unwanted phenomenons
e.g. a contact breakdown [85] can be excluded. However, the dark and grainy
looking surface of the leads causes problems during the standard lithography pro-
cess since there were always resist remains around the droplets which could not be
developed. In order to circumvent this problem, we enhanced the spinner speed
to 6000 rpm and increased the exposure time in the mask aligner to 90s. In this
way we obtained nice lithography results, see figure C.1c.

Finally, we checked the quality of our ohmic contacts with the help of transmission
line structures like in the thesis of Lang [85]. Using this technique, we observed
very good contact resistances of approximately Ro = 80 — 13012 as well as sheet
resistances of Rgpeer = 2,8 — 3, 2k€2, see figure C.2.
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a) transmission lines

b)
351w R1666G3 T=1.4K b.i. l - ﬂﬁ
annealed at 370°C (30nm Sb)
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Figure C.2: a) Overview of two investigated transmission line samples R1666G3
and R1666HS in order to check the quality of the ohmic contacts. We clearly see
low resistive contact resistances which indicate well developed contacts. b) and c)
present a typical transmission line with different contact spacings.

Pd gates:
e standard cleaning
e standard photo-lithography, no hard bake!
e mounting of the samples on a standard sample holder
e HF-Dip: 30s
e cvaporation of 60nm Pd with ebeam, deposited at rpg < 0,6 As™!

The lithography was done in the same way as for the ohmic contacts. In contrast
to the TiAu evaporation, a H F' dip prior to the deposition is inevitable since oth-
erwise based on the native oxide on the surface the samples would suffer extremely
from hysteresis effects and therefore result in a worse controllability. In the scope
of this deposition run, it is absolutely necessary to bring the dipped samples as
fast as possible into vacuum and to start the deposition as soon as possible in
order to avoid a renewed oxidation. The final sample structure is shown in figure

C.1d.

Lift-off: The lift-off procedure was carried out in warm acetone, immediately
after every metallisation step. After some seconds in warm acetone small bubbles
will become visible in the metal film. Now the samples can be purged with acetone
using a syringe. This eases the lift-off behaviour drastically. Sometimes, only if
necessary, a very short treatment in an ultrasonic bath is conducted.






D List of abbreviations

0D
2D
3D
2DES
AC
Al,O3
ALD

CB
CHE
DC
DQD
EIES
Ecp

Ep

FE
FET
FL

FN

Ge
HEMT
HF

zero-dimensional
two-dimensional
three-dimensional
two-dimensional system
alternating current
aluminium(I1T) oxide
atomic layer deposition
Gold

boron

conduction band

classical Hall-Effect

direct current

double quantum dot
electron impact emission spectroscopy
conduction band energy
Fermi energy

phosphorous energy

field emission

field effect transistor

Fermi level
Fowler-Nordheim tunneling
germanium

high electron mobility transistor

hydrofluoric acid
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HfO, hafnium(IV) oxide

HNO; nitric acid

IQHE integer quantum Hall-Effect

IRS intface specific region

LHe liquid helium

MBE molecular beam epitaxy

MISFET  metal insulator semiconductor field effect transistor
ML monolayer

Mn manganese

MOSFET metal oxid semiconductor field effect transistor
Ny nitrogen

P phosphorus

Pd palladium

QC quantum computer

QD quantum dot

QHE quantum Hall-Effect

qubit quantum bit

QW quantum well

RHEED reflection high energy electron diffraction
RELP reciprocal lattice point

RSM reciprocal space map

Sb antimony

SBH Schottky barrier height

SdH Shubnikov-de-Haas

SIMS secondary ion mass spectrometry

Si silicon

TAT trap assisted tunneling

TE thermionic emission

Ti titanium
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TFE
uv
VB
VS
VTI
WKB
XRD

thermionic field emission
ultraviolet

valence band

virtual substrate

variable temperature inset
Wentzel-Kramers-Brillouin

X-ray diffractometer/X-ray diffraction
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