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1. Introduction

Since the advent of computing, this technology has brought substantial economic

growth and scienti�c discoveries. This success is based on the ability for computers

to solve some kinds of problems faster than humans. However, there is still a class

of intractable problems that is hard to solve for classical computers, meaning that

the computing time and memory scale exponentially with the problem size [1]. A

new kind of computer, harnessing the quantum superposition and entanglement for

computation, should be able to solve some of these problems in polynomial time [1,

2]. Such a universal quantum computer is proven to solve problems such as prime

factorization, �nding discrete logarithms, solving linear systems of equations and

searching unsorted data faster than its classical counterpart for large problem sizes [3�

6]. Apart from these applications, a quantum computer is predicted to be highly

e�cient in simulating physical systems governed by quantum mechanics, o�ering

insights which would be hard to obtain in the real system [7�10]. For example, the

development of drugs could be sped up by quantum simulation [11].

The fundamental building block of a quantum computer is the qubit: a two-level

quantum system allowing the superposition of the levels as well as the entanglement

between multiple qubits. Qubits can be realized in a multitude of physical systems

including photons, trapped ions and superconducting circuits [12�15].

The �eld of quantum computing is currently in a stage of noisy intermediate-scale

quantum technology, where around 50 noisy qubits have been demonstrated in a

single device [16, 17]. Although quantum supremacy, the point where it takes longer

to calculate a speci�c algorithm in a classical supercomputer than on a quantum

computer, is claimed to be surpassed [17], there is still a long way to go for the

realization of a fault tolerant universal quantum computer [18, 19]. Especially the

large number of physical qubits expected to be required for the implementation of

one logical, meaning error-corrected, qubit imply that scalable qubit implementations

have to be developed for progress in fault-tolerant quantum computing.

A particularly promising approach is the implementation of spin qubits in gate-

de�ned semiconductor nanostructures due to the existing highly scalable manufac-
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1. Introduction

turing techniques and the good tunability of the con�nement potential [20]. Most

of the preliminary work in this branch of quantum computing research was done in

GaAs, building on advancements in quantum-transport-, Coulomb-blockade- and

spin-blockade-physics [21]. Yet, the strong �uctuating Overhauser �eld of the host

nuclei and the strong spin-orbit coupling strength were limiting the qubit coherence

with dephasing times in the order of 10 ns[22�24].

By moving to silicon as the basis for gate-de�ned quantum dots, with only 4.685 %

of the nuclear spin carrying isotope29Si in the natural Si composition and a weak

spin-orbit interaction, the interaction of the spin with its environment is reduced [25�

32]. The isotopical puri�cation of 28Si allows to engineer a virtually nuclear-spin-free

host material [33�35]. These improvements yielded remarkable dephasing times in

the order of 120µs in metal oxide semiconductor (MOS) structures [31] and20µs

for electron spin qubits in 28Si/SiGe heterostructures [36, 37] with control-�delities

surpassing99.9 %[36].

In our group, we have developed a qubit platform based on gate-de�ned quantum

dots (QDs) in 28Si/SiGe heterostructures in previous work [38�40]. The heterostruc-

tures intended for qubit experiments feature a quantum well (QW) which is grown

by means of molecular beam epitaxy (MBE) using an isotopically puri�ed 28Si source

crystal with only 60 ppm of remaining 29Si. Combining this MBE-grown heterostruc-

ture with a magnet placed in the plane of the QD-de�ning gate layer, we have a

unique framework for qubit realization in a collaborative e�ort with the group of

Lars Schreiber at the RWTH Aachen. Previous work demonstrated single electron

operation in our qubit platform.

In this thesis we set out to deepen our understanding of the heterostructure

properties to reach high-yield single electron tuning, since for example charge recon-

�gurations in defect trap states impede the device tuning. In parallel, a demonstration

of qubit operation and with this a measurement of qubit characteristics such as

relaxation and dephasing times remained as the aim of this thesis.

The current research in quantum computing is moving towards qubit operation at

temperatures around1 K where more cooling power is available in the refrigerators,

in an e�ort towards the integration of control electronics in vicinity of the qubits [41].

Signal-to-noise ratio (SNR) and bandwidth plays an important role for a robust and

fast measurement of the spin, especially at elevated temperatures [42]. A new kind

of charge sensor, presented in the last part of this thesis, is a promising candidate to

deliver these features.
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This thesis is organized as follows:

ˆ In chapter 2 we will discuss the fundamental theoretical concepts required for

a basic understanding of the experimental studies presented in this thesis.

ˆ In chapter 3 we will present a characterization of the gated undoped Si/SiGe

heterostructures building the basis for our nanostructure devices.

ˆ In chapter 4 we will show the initial tuning of a single quantum dot with an

adjacent charge sensor in28Si/SiGe.

ˆ In chapter 5 we will demonstrate the spin-to-charge conversion and study the

spin relaxation in order to extract the valley splitting in our qubit device.

ˆ In chapter 6 we will introduce the spin manipulation via electric dipole spin

resonance (EDSR) and access the dephasing and decoherence times in our

qubit.

ˆ In chapter 7 we will study a concept for a new kind of charge sensor aiming

towards a large SNR and high bandwidth spin readout.

3





2. Fundamental concepts

In this chapter, we will discuss the underlying concepts required for an understanding

of the experiments studied in this thesis.

2.1. Silicon and germanium material system

The devices studied in this thesis are based on Si/SiGe QW-heterostructures. There-

fore, we �rst turn towards the properties of this material system. Fig. 2.1 shows

the simulated band structure of silicon (a) and germanium (b). Both materials are

indirect semiconductors, which manifests in a conduction band minimum that is not

at the � -point of the Brillouin . The band gaps of Si and Ge have been determined

to 1.12 eVand 0.661 eV, respectively [43, 44]. Both elements crystallize in a diamond

lattice with lattice constants of aSi = 543.1 pm for silicon and aGe = 565.8 pm for

germanium [43, 44]. The two elements are miscible into the alloy Si1� xGex with

any desired Ge contentx. The resulting lattice constant a0(x) of the Si1� xGex is

described by Vegard's law [45]

a0(x) = aSi(1 � x) + aGex. (2.1)

Fig. 2.2 a shows the band gap for relaxedSi1 � xGex bulk material with a monotonous

decrease in band gap for increasing Ge contentx. Despite of the larger band gap

of pure Si compared to anySi1 � xGex alloy, it is possible to engineer a Si-QW

heterostructure.
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Figure 2.1. � a The band structure of silicon with the conduction (blue),
heavy-hole (red), light-hole (green) and split-o� (black) bands. The indirect
band gap of Si with Eg = 1.12 eV. b The band structure of germanium with an
indirect band gap of Eg = 0.661 eV. Simulated with [46]. Adapted from [47].

a

b

Figure 2.2. � a The band gap of unstrainedSi1 � xGex as a function of the Ge
content x is shown in the upper line. The nature of the band gap is Si-like with
the conduction band minimum lying in the � -direction for x < 0.85 and Ge-like
with the conduction band minimum located at the L point of the Brillouin zone
for x > 0.85. The lower lines cover strainedSi1 � xGex which is not covered in this
thesis. Republished with permission of IOP Publishing, Ltd and AIP Publishing,
from [48, 49]; permission conveyed through Copyright Clearance Center, Inc.
b The surfaces of constant energy close to the conduction band minima in the
Si Brillouin zone forming ellipsoids. In the case of biaxial tensile strain applied
to bulk Si in the [100] and [010] directions, the ellipsoids in the [001] direction
(shown in blue) are shifted lower in energy, while the ellipsoids in the[100] and
[010] directions are shifted up in energy.
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2.2. Si/SiGe heterostructures

2.2. Si/SiGe heterostructures

When Si is grown onto a relaxedSi1 � xGex substrate, the Si lattice adapts to the

larger SiGe lattice constant, introducing strain in the Si layer. This strain lifts the

sixfold valley degeneracy present in bulk Si, as depicted in Fig. 2.2 b. The twofold

degenerate� 2 valleys are shifted down in energy and the fourfold degenerate� 4

valleys are shifted up in energy in the strained Si. Furthermore, the twofold ground

state degeneracy is lifted by the QW con�nement potential leading to the valley

splitting EV S [50]. The band gap of the strained Si gets reduced, which leads to a

type-II band alignment in a Si/Si 1 � xGex QW heterostructure [39].

Fig. 2.3 a shows the simulated conduction band edge energy as a function of the

coordinate in growth direction z in an undoped Si/SiGe QW heterostructure. Due

to the absence of doping, the band edge energy is �at with steps due to di�erences

in the material composition. The Si QW as well as the Si cap represent a minima

of the conduction band edge energy. In this �at-band condition the �rst subband

in the QW is above the Fermi energy indicated by the dashed line and no electrons

are allowed to enter the QW, indicated by the zero electron density in Fig. 2.3 a.

Therefore, it is mandatory to add a gate oxide and a metal layer further referred to

as accumulation gate, located atz < 0 nm, in order to manipulate the band edge

energy. A positive voltage applied to the TiAu accumulation gate lowers the band

edge energy, as shown in Fig. 2.3 b, eventually leading to the �rst subband energy

in the QW shifting below the Fermi energy. This allows electrons to enter the QW,

indicated by the non-zero electron density in the QW region. When only the �rst

subband is occupied, the electrons form a two dimensional electron gas (2DEG).

Note that no electron density is predicted to accumulate in the1 nm Si cap, as the

larger con�nement energy contribution keeps the �rst subband energy above the

Fermi energy. The 2DEG can be characterized by magnetotransport studies, which

will be covered in the following section.
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Figure 2.3. � The simulated conduction band edge energy of a Si/SiGe het-
erostructure with an Al 2O3 gate oxide and a metal accumulation gate as a
function of the coordinate z oriented along the growth direction (blue). The
simulated electron density as a function ofz is plotted in orange. a The �at band
structure in the case of0 V applied to the accumulation gate with respect to the
grounded QW. As the �rst subband in the QW is above the Fermi energy, no
charge carriers are allowed in the QW resulting in zero electron density.b Here,
1.1 V is applied to the accumulation gate, resulting in a band bending which
induces a non-zero charge carrier density in the QW as the �rst subband moves
below the Fermi energy. Adapted from [47].
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2.3. Magnetotransport properties of two dimensional electron gases

2.3. Magnetotransport properties of two dimensional

electron gases

A 2DEG patterned in a Hall bar geometry is schematically depicted in Fig. 2.4, with

the ohmic contacts indicated by the dark gray regions. A typical magnetotransport

measurement accesses the longitudinal and transversal resistivities� xx and � xy in a

four-point measurement of the longitudinal and transversal resistanceVk=I and V? =I ,

respectively and the consideration of the Hall bar width and length dimensions:

� xx =
Vk

I
W
L

(2.2)

� xy =
V?

I
. (2.3)

The out-of-plane magnetic �eld Bext is varied and due to the Lorentz-force acting

upon the moving charge carriers, a non-zero Hall resistance is detected. In the regime

described by the classical Hall e�ect [51],V? rises linearly with the magnetic �eld

while Vk stays constant. The resulting longitudinal and transversal resistivities are

described by

� xx =
m�

ne2�
=

1
ne�

and (2.4)

� xy =
Bext

en
, (2.5)

where m� is the e�ective mass of the charge carriers,e is the elementary charge,n is

the charge carrier density, � is the mean scattering time and� = e�
m � is the charge

carrier mobility [52].

The Fermi wave vector is then described by

kF =

s
4�n
gsgv

, (2.6)

with gs and gv being the spin and valley degeneracies, respectively. The Fermi

velocity vF and the mean free pathl are obtained as

vF =
~kF

m� and (2.7)

l = vF � =
~
e

�
p

�n . (2.8)
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2. Fundamental concepts

The mean free pathl is a measure for the average length the charge carriers travel

between two scattering events.

By con�ning the 2DEG in the two in-plane dimensions, it is possible to create

QDs in the Si host material. We will discuss the characteristic properties of these

systems in the following section.
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Figure 2.4. � A schematic illustration of a Hall bar sample with width W and
segment lengthL . A current density ~j is injected in the x direction. The external
magnetic �eld ~Bext is oriented along thez direction, leading to a de�ection of
the electrons due to the Lorentz force. Charges accumulate on the edges of the
sample, inducing a non-zero transversal voltageV? .

2.4. Quantum dots in Si/SiGe

An island formed in the 2DEG due to lateral con�nement, commonly referred to as

single quantum dot (SQD), coupled to the source and drain reservoirs via tunnel

contacts is illustrated in Fig. 2.5. A plunger gate is capacitively coupled to the SQD.

This structure is commonly approximated by a circular disc in the 2DEG with a

radius r and an electron charge of� eN for N electrons occupying the SQD. The

self-capacitance of this disc is described by

C = 8 �� 0r , (2.9)

with � being the dielectric constant of the surrounding material, which is assumed to

be homogeneous in this approximation, and the vacuum permittivity � 0 [52]. The

10



2.4. Quantum dots in Si/SiGe

electrostatic energy of the island is then given by

Eelstat (N ) =
e2N 2

2C
=

e2N 2

16�� 0r
. (2.10)

The energy required to add the(N + 1) -th onto a SQD occupied with N electrons is

the di�erence between the electrostatic energies

Ec(N + 1) = Eelstat (N + 1) � Eelstat (N ) =
e2

C

�
N +

1
2

�
N � 1
�

e2

C
N =

e2

8�� 0r
N .

(2.11)

However, the term charging energy is commonly used for

� Ec = Ec(N + 1) � Ec(N ) =
e2

C
=

e2

8�� 0r
. (2.12)

For a SQD with a radius of 50 nm and � = 11.7 of Si this characteristic energy scale

is � Ec � 3.9 meV, which corresponds to a temperature of45 K.

The single-particle level spacing can be approximated using the model of a quantum

mechanical harmonic oscillator [52]

� = ~! 0 =
~2

4m� r 2 . (2.13)

For a SQD in Si with m� = 0.19 me and a radius of50 nm, this energy scale computes

to 40µeV or a temperature of0.5 K. This is two orders of magnitude smaller than� Ec

indicating that the total energy of the SQD is governed by the Coulomb interaction

energy for the laterally de�ned SQDs studied in this thesis.

Considering the capacitively coupled plunger gate shown in Fig. 2.5, the ground

state energy for a SQD occupied withN electrons depends on the plunger gate

voltage Vpg

EN (Vpg) = EN (V 0
pg) � eN� pg(Vpg � V 0

pg), (2.14)

for small ranges around a �xed V 0
pg with � pg = Cpg

C being the lever arm describing

the ratio of the capacitive coupling Cpg of the plunger gate to the SQD to the

self-capacitanceC [52]. For a SQD with initially N � 1 electrons we de�ne the

electrochemical potential for increasing the electron occupation toN as

� N (Vpg) = EN (Vpg) � EN � 1(Vpg). (2.15)
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Figure 2.5. � A schematic depiction of a SQD with tunnel contacts to source
and drain reservoirs. The plunger gate couples capacitively onto the SQD.

2.4.1. Coulomb blockade

Fig. 2.6 shows a schematic representation of the energetic situation for a SQD in

between source and drain reservoirs. The electronic levels in the source and drain

reservoirs are �lled up to the electrochemical potentials� S and � D , respectively, in

the case of low temperatures. We �rst consider the situation where only a small

bias voltage is applied between the reservoirs. In Fig. 2.6 a the SQD is occupied

with N electrons, as� N < � D < � S. However, the energy required to add the

(N + 1) -th electron onto the SQD is not available, as� N +1 > � S > � D . This leads

to a constant occupation of the SQD with the sameN electrons, which e�ectively

blocks the current �owing between the source and drain reservoirs. This situation

is commonly termed Coulomb blockade since the Coulomb interaction prevents a

(N + 1) -th electron to enter the SQD. Using the plunger gate voltage, combining

Eqs. 2.14 and 2.15 the electrostatic potential can be tuned with

� N (Vpg) = � N (V 0
pg) � e� pg(Vpg � V 0

pg). (2.16)

Fig. 2.6 b shows the situation where Coulomb blockade is lifted, by tuning� N +1 to a

value in between� S and � D by a change ofVpg. In this situation either N + 1 or N

electrons can occupy the SQD, allowing for sequential transport of electrons through

the SQD, indicated by the arrows in Fig. 2.6 b.
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2.4. Quantum dots in Si/SiGe

2.4.2. Coulomb diamonds

Considering the current through the SQD as a function of the bias voltageVSD and

Vpg, we expect the regions of suppressed current to form diamond shaped regions, as

depicted in Fig. 2.7 a. The grey regions mark a transport current through the SQD.

The borders of the blockade regions, commonly referred to as Coulomb diamonds,

mark the con�gurations of VSD and Vpg where either of the reservoir chemical

potentials is aligned with a SQD chemical potential, as schematically depicted in

Fig. 2.6 c for � S = � N +1 and Fig. 2.6 d for � D = � N +1 . We mark the con�gurations

in Fig. 2.7 a with the labels corresponding to the sub�gures in Fig. 2.6.

� S � D
� N

� N+1a
� S � D

� N

� N+1

b

� S

� D� N

� N+1

c
� S

� D

� N

� N+1 eVSD

d

Figure 2.6. � A schematic illustration of the electrochemical potentials in
a SQD occupied with N electrons with small (a, b) and large (c, d) source-
drain bias voltages. a There are no energy levels in the QD lying in between
the electrochemical potentials of source and drain� S and � D . The system is
considered to be in Coulomb blockade as no electron transport is allowed.b The
level � N +1 lies in the source-drain bias window and sequential tunneling of
electrons is allowed.c � N +1 is aligned with � S and transport is allowed. d � N +1

is equal to � D and current is allowed to �ow. The di�erence in the source and
drain electrochemical potentialseVSD is indicated on the right hand side.

In the following, we consider the case where the drain reservoir is grounded

while the bias voltage is applied to the source reservoir. So far we only took the

capacitive coupling of the plunger gate into account, but also the reservoirs are

coupled capacitively to the SQD. The negatively sloped diamond borders, labeled

13



2. Fundamental concepts

m� in Fig. 2.7 a, satisfy

� � N = � D = 0, (2.17)

meaning that the capacitive coupling of the source reservoir and the plunger gate

keeps the SQD electrostatic potential aligned with the potential of the grounded

drain reservoir. The shift in � N in response to changes of� VSD and � Vpg can be

described by

� � N = � e� VSD
CS

C
and (2.18)

� � N = + e� Vpg
Cpg

C
. (2.19)

Here, CS describes the capacitive coupling of the source reservoir onto the SQD.

Dividing Eq. 2.18 by Eq. 2.19, we get an equation for the negative slopem� of the

diamond borders described by Eq. 2.17

m� =
� VSD

� Vpg
= �

Cpg

CS
= �

� pg

� S
(2.20)

with the source lever arm

� S =
CS

C
. (2.21)

In a similar fashion we can derive the slope of the positively sloped diamond borders

m+ =
Cpg

C � CS
. (2.22)

Inserting Eqs. 2.20 and 2.22 in Eq. 2.21, we can express the source lever arm as a

function of the negative (m� ) and positive (m+ ) diamond border slopes

� S =
m+

m+ � m�

m+ > 0; m � < 0
=

jm+ j
jm+ j + jm� j

. (2.23)

Fig. 2.7 b shows the currentI through the SQD as a function of Vpg for a small �xed

VSD indicated by the dotted line in Fig. 2.7 a. Peaks in I are expected when the

Coulomb blockade is lifted. On each side of the peaks,dI=dVpg is large, yielding a

large change inI for a small change inVpg. In the same way the current signal is

sensitive to changes inVpg, it is also sensitive to any other changes to the electrostatic

potential. An electron entering or leaving a nearby QD may induce such a change in

14



2.5. Double quantum dots

the electrostatic potential, which can be detected in the change of the current �owing

through the SQD. Thus we can employ a SQD as a charge sensor for nearby QDs.

This is especially useful in con�gurations where the tunnel barriers are too opaque

for the tunnel current to be detected. The sensor has to be in the regime with large

dI=dVpg in order to have a large sensitivity, indicated by the working point marked

in Fig. 2.7 b.

0
N � 1 N N + 1 N + 2

(a) (b)

(c)

(d)

m�

m+

Vpg

V
S

D

I > 0a
working point

Vpg
I

b

Figure 2.7. � a A schematic illustration of the current through a SQD as
a function of the source-drain voltageVSD and the plunger gate voltageVpg.
The regions with signi�cant current �ow are indicated in grey, while the white
regions mark the Coulomb diamonds, where current �ow is suppressed due to
Coulomb interaction. The points marked with the labels (a) to (d) correspond
to the con�gurations depicted in Fig. 2.6. The electron occupation of the SQD,
indicated by the labels from (N-1) to (N+2), stays constant inside each Coulomb
diamond. b The schematic current I through a SQD as a function ofVpg at the
bias voltage indicated by the dotted line in a. Sharp Coulomb peaks emerge
where the Coulomb blockade is lifted. Choosing a working point on the side of a
peak, as indicated by the circle, the SQD can be used as a charge sensor with a
large change inI for a small change in the electrostatic potential.

2.5. Double quantum dots

For some experiments, such as the demonstration of two-qubit logic or the imple-

mentation of singlet-triplet qubits a more complex structure than a SQD is required.

Fig 2.8 shows the schematic for a structure with two serial QDs placed in between

the reservoirs, with two corresponding plunger gates. In these gate-de�ned double

quantum dots (DQDs), the inter-dot tunnel barrier between the QDs is tunable by
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2. Fundamental concepts

gate voltages, giving the freedom to transition the system from a large SQD to two

separated QDs.

source SQD 1 SQD 2 drain

plunger
gate 1

plunger
gate 2

tunnel
contacts

capacitive
coupling

capacitive
coupling

Figure 2.8. � A schematic illustration of two SQDs connected in series via
tunnel contacts forming a DQD. The two separate plunger gates ideally act only
capacitively on the corresponding QD.

Fig. 2.9 shows the transport current through a serial DQD as a function of the

plunger gates of the two QDs for a variation of the inter-dot tunnel coupling. In

Fig. 2.9 f the coupling is very large, with the conductance resonances showing one

set of parallel lines characteristic for a SQD. Two sets of parallel lines emerge for

decreasing tunnel couplings of Fig. 2.9 c-d, indicating the formation of a DQD system,

with each set of lines representing the conductance resonances of the individual QDs.

For even smaller tunnel coupling, shown in Fig. 2.9 a and b, transport is allowed only

at the con�gurations, where both chemical potentials of the two QDs are aligned

with each other and the reservoirs chemical potentials. The points where current can

�ow in this regime are commonly referred to as triple points, as the charge state of

the system sequentially switches between three con�gurations.

A similar pattern is expected when a charge sensor is employed for the detection

of the electron occupation, with two sets of parallel lines emerging in the derivative

of the sensor current corresponding to a DQD system.
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2.6. Single electron in magnetic �eld

Figure 2.9. � The current through a DQD as shown in Fig. 2.8 as a function
of the plunger gate voltages, here denoted asVg1 and Vg2. The bright values
represent a signi�cant current �ow, while the dark values indicate a suppressed
current �ow. The coupling strength increases from A to F. The single set of
parallel lines observed in F indicate a SQD. This SQD is split into two separate
SQDs forming a DQD when the inter-dot tunnel coupling is decreased by the
tuning of a gate voltage, with two sets of parallel lines emerging for a strongly
coupled DQD in C-E and triple points being observed for weak inter-dot coupling
in A and B. From [53]. Reprinted with permission from AAAS.

2.6. Single electron in magnetic �eld

We now consider a SQD in Si host material which is occupied by a single electron.

For zero magnetic �eld, the single particle ground state is two-fold spin-degenerate.

In a non-zero static magnetic �eld B , the spin-up and -down statesj"i and j#i split

by the Zeeman energy splitting

EZ = gs~
B = gs� B B (2.24)

with � B = ~
 =
e~

2me
, (2.25)

being the Bohr magneton, the gyromagnetic ratio 
 and the electron g-factor gs.

These states build the basis for the electron spin qubits which will be discussed in

the course of this thesis.
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2. Fundamental concepts

2.7. Electric dipole spin resonance using a magnetic �eld

gradient

In the following, we will discuss how a magnetic �eld gradient can be utilized to

manipulate single e� spins in semiconductor heterostructures. One key requirement

for this concept of manipulation is the presence of a small magnet, typically referred

to as micro- or nanomagnet, that provides a local magnetic �eld gradient across the

region where the electron is con�ned.

Figure 2.10. � Illustration of arti�cial spin-orbit coupling: a The QD position
yQD as a function of time t. In our device the change in position is induced by a
microwave (MW)-pulse applied to a gate near the SQD con�ning the electron.
b The �eld component � B? perpendicular to Bext as a function of yQD . c The
oscillating ac magnetic �eld perpendicular to Bext in the electron's rest frame.

For EDSR the magnetic �eld component B? perpendicular (transversal) to ~Bext is

relevant. Fig. 2.10 a shows as schematic representation of the position of the electron

wavefunction center yQD as a function of time t. This oscillating displacement, in

our case, is induced by applying an ac electric �eld to a gate in proximity of the SQD

con�ning the electron. As illustrated in Fig. 2.10 b the transversal magnetic �eld

gradient � B? converts this oscillation in space into an ac magnetic �eld perpendicular

to ~Bext in the electrons rest frame, with the resulting oscillation shown in Fig. 2.10 c.

This conversion of the electron motion into an ac magnetic �eld via the arti�cial spin-

orbit coupling introduced by the local magnetic �eld gradient is the key component

for all-electrical spin-manipulation in our 28Si/SiGe spin-qubit device.
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2.7. Electric dipole spin resonance using a magnetic �eld gradient

Figure 2.11. � Illustration of EDSR on the Bloch sphere with j#i j"i as the
basis states forj	 i = a j#i + bj"i ; a, b 2 C: a The laboratory frame of reference,
where j	 i precesses around thez-axis with ! L . b The rotating frame of reference
with x0, y0 rotating at ! L around the z-axis. The ac magnetic �eld, shown in
Fig. 2.10 c, converts into a stationary �eld B1 along the x-axis. c The spin
precesses around theB1 axis, leading to Rabi oscillations.

Yet, for a controlled spin-manipulation it is required to couple resonantly to the

electron spin. The spin precesses around~Bext with the Larmor frequency

f L =
! L

2�
=

g� B B
h

, (2.26)

where g is the electron g-factor, � B is the Bohr magneton, B is the total magnetic

�eld along the nanomagnet axis andh is the Planck constant.

Fig. 2.11 a shows a representation of the electron wavefunctionj	 i = a j#i +

bj"i ; a, b 2 C on the Bloch sphere with the qubit basis statesj#i and j"i located on

the poles of the sphere. In this representation the external magnetic �eldBext is

oriented along the z-axis. For any j	 i not oriented parallel or anti-parallel to the

z-axis, j	 i undergoes a precession around thez-axis at a frequency of! L = g� B B
~ .

Fig. 2.11 b shows the reference frame rotating at! L indicated by the rotating basis

vectors x0 and y0. The electron is in the ground state j	 i = j#i represented by the

black arrow. The gray arrow represents the e�ective magnetic �eld B1 created by

the resonant driving in the nanomagnet gradient, which is stationary in this rotating

frame of reference. This stationary �eld pointing along the x0-axis in turn leads to

a precession ofj	 i around the x0-axis at a Rabi frequency of! Rabi = g� B B 1
~ . The

magnitude of B1 depends on the microwave amplitude, the capacitive coupling of

the driving gate onto the QD as well as the strength of the magnetic �eld gradient.

Fig. 2.11 c shows the case wherej	 i was rotated by 180° using a microwave pulse of

the length tMW = �
! Rabi

resulting in j	 i = j"i .

19





3. Gating of undoped Si/SiGe 2DEG

In this chapter, we will discuss the solid-source MBE of the undoped Si/SiGe

heterostructures used as the basis for all devices studied in the rest of the thesis.

The charge carrier accumulation in these undoped structures will be demonstrated,

followed by a characterization in the form of a magnetotransport study. We will

focus on the behavior of Hall bar samples when a bias voltage is applied to the

accumulation gate during the cool-down and how the sample characteristics change

under illumination at cryogenic temperatures. In particular, we will discuss a

previously proposed model [40, 54] based on interface trap states to explain the

observed illumination behavior.

3.1. Growth and semiconductor layer structure

3.1.1. Molecular beam epitaxy

The Si/SiGe heterostructures used for the studies in this thesis were grown by

means of solid source MBE based on recipes described in [38�40]. In Fig. 3.1 a the

epitaxy chamber is schematically depicted. There are electron beam evaporator

sources equipped with single-crystalline natural silicon and germanium, labeled Si

and Ge, respectively. A smaller electron beam single-crystalline source equipped with

single-crystalline isotopically puri�ed 28Si is located at the side of the chamber. The

source crystal for28Si, provided by the Leibniz-Institut für Kristallzüchtung (IKZ) in

Berlin, is puri�ed to a residual concentration below 60 ppm 29Si [34, 35]. The wafer,

onto which the heterostructure is grown, is attached to the temperature-controlled

manipulator shown at the top. The chamber is pumped to an ultra high vacuum

(UHV) base pressure below5 � 10� 11 mbar.

In order to reach relaxed SiGe as a basis for a strained Si QW, a graded bu�er

is grown onto the initial (001) Si wafer. As shown in Fig. 3.1 b, within the graded

bu�er, the Ge content x is linearly increased over a thickness of severalµm to the

desired composition of Si1� xGex . This gradual increase in Ge content leads to a

formation of threading dislocations which tend to stay in regions of constant Ge
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3. Gating of undoped Si/SiGe 2DEG

Figure 3.1. � a Schematic representation of the MBE ultra high vacuum
chamber, including the source cells for Si, Ge and28Si. The wafer, colored
black, is attached to the temperature controlled manipulator. b Illustration of
a typical undoped Si/SiGe layer structure. The Ge content through the layer
structure is indicated by the graph on the right and additionally by the tone of
the background, with a light gray corresponding to a low Ge content while a
dark gray represents a higher Ge content. The Ge content is linearly increased
in the graded bu�er layer.
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