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Abstract

Quantum dots embedded in an electronic circuit allow precise control over the charge
transport behaviour of the system: Charge carriers can be individually trapped or precisely
shuffled between a series of quantum dots in a strictly sequential manner. This introduces
ideal conditions to study fundamental quantum physics and such devices are in the focus
of extensive efforts to develop quantum information related applications. This thesis con-
tributes to the development of model systems enabling control of, and abiding by quantum
mechanical effects. The aim of the model systems is to search and use advantages compared
to devices governed purely by the laws of classical physics.

In this thesis, transport phenomena in n- and p-type III-V semiconductor nanowire quantum
dot systems are explored. First, the concepts necessary to build an understanding of charge
transport across quantum dot systems, namely quantum confinement in nanostructures
and Coulomb blockade, are introduced. Next, the principles of transport across single
and double quantum dot devices are discussed and various experimental device designs
are presented. The experimental work falls into two separate research directions and the
thesis includes three published papers, which are put into context and supplemented with
additional experimental results.

Paper I characterizes the properties of p-type GaSb nanowires to assess the material’s ap-
plicability for the realization of spin-orbit qubits as fundamental building blocks of solid
state quantum computers. Experimentally, g-factors and the spin-orbit energy are determ-
ined and fabricational challenges for the realization of serial double quantum dot devices
are discussed and overcome.

Papers IT and III study thermally driven currents in InAs nanowire double quantum dots,
where heat is essentially converted to electrical power. Such nanoscale energy harvesters
operate in a regime where fluctuations are highly relevant and give insights into funda-
mental nanothermodynamic concepts. Thermally induced currents in double quantum
dot devices are the result of three-terminal phonon-assisted transport or the two-terminal
thermoelectric effect. Paper II studies the interplay of the two effects, the relevance of the
interdot coupling and the impact of excited states. Paper III develops a versatile device
architecture which combines bottom-gating and heating and enables the localized applica-
tion of heat along the nanowire axis. Such devices provide ideal, controlled conditions for
future studies of fundamental nanothermodynamics.
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Popular science summary

The era of computers began with the invention and development of transistors in the late
1940s. Today, transistors are the elementary building block of computers and great efforts
are aimed at increasing the computational power by squeezing more and more transistors
into the same area. In recent years, however, the trend has shifted from plain power increases
to the development of new computation concepts. Many new approaches are closely linked
to novel materials and the use of quantum effects. A key ingredient to the realization of a
new generation of electronic devices is understanding the physics and underlying processes
in the limit of tiny device dimensions. Here, this thesis contributes through studies of how
current flows through tiny semiconductor segments.

Semiconductors are a type of material where the ability to conduct current can be manip-
ulated — a principle that is used in modern transistors. In this thesis, tiny semiconductor
segments with dimensions as small as a billionth of a meter, 10000 times smaller than the
diameter of a human hair, are embedded in an electronic circuit. Within such structures,
current flow obeys different rules compared to macroscopic conductors. Current flow, on
a basic level means transporting charge. Charge is carried by electrons, which are elemental
particles, essentially turning current flow into a stream of electrons.

In regular transistors, current through a semiconductor channel is controlled via a voltage
applied to a so-called gate electrode. Translating this to a simple picture, we can think of
a broad tunnel with a constant stream of people passing through. Changing the voltage
on the gate electrode, in that picture could be translated to slowly closing a physical gate
within the tunnel. The more closed the gate is, the less people can pass the tunnel at a
time, but a description of the human current requires only an understanding of the crowd
dynamics. This changes drastically if we introduce a paternoster, significantly confining the
available area to move. Here, suddenly the nature of individual people becomes relevant.
Once a person steps onto a lift car, no second will follow, respecting the concept of personal
space. In order for the next person to enter, this repelling force has to be overcome, which
can for instance be achieved by moving the paternoster downward, making the next lift car
available.

In the same way we experience the concept of personal space, electrons are charged and thus
experience the so-called Coulomb repulsion, a repelling force. Within the limited space of
a tiny semiconductor segment or quantum dot, electrons cannot avoid one another and the
nature of individual electrons dominates the current through the quantum dot. Only one
electron at a time can enter the quantum dot and in order for the next electron to enter the
segment enclosed by the metallic contacts, the first electron either has to leave or energy
must be added to the system. Energy can be added to the system via the gate electrode.

The devices studied in this thesis contain two quantum dots directly connected in series. In
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our simple analogy, this translates to the rather unusual situation of two paternosters that
have to be passed in series in order to move forward. Here, my role as a scientist mirrors that
of the paternoster operator, who can precisely control the motion, position and number of
electrons in these devices by aligning or detuning the metaphorical lift cars against each
other via tuning voltages on gate electrodes. Based on the above described, so-called serial
double-quantum dot, model system this thesis presents results on two separate topics.

The first topic makes use of the ability to precisely trap individual electrons in the lift cars
of such serial double quantum dot devices. This allows scientists to look closely and study,
even control the behavior of individual electrons — a concept applicable for quantum
computation: Electrons possess a quantum mechanical property, the so-called spin, which
at its essence means that electrons behave like tiny bar magnets. The orientation of the
poles of these bar magnets can be used to encode information and by controlled rotation of
the magnet's orientation computations can be performed. Such devices are then called spin
qubits and form one approach to design the basic building block of a quantum computer. In
a classical computer, information is encoded in two states, described by o or 1. In contrast,
spin qubits can essentially take a continuum of states, where each state describes a certain
rotation of the magnetic poles of the electron’s spin. Consequently, a quantum computer
running clever algorithms which make use of this continuous range of available states can
solve selected problems significantly faster compared to traditional computers.

A challenge for the practical realization of a spin qubit is that the precise orientation of
the electron’s magnetic orientation must remain fixed during computational processes. In
many common materials, however, a variety of other bar magnets are present which interact
with the electron’s spin. This unwanted interaction results in the uncontrolled rotation of
the electron spin. One approach to tackle this problem is based on making use of materials
where instead of electrons, vacancies of electrons, so-called holes contribute to the current
flow. Holes much like electrons possess a spin, but in contrast to electrons interact less
with other spins in the qubit’s host material. In this thesis, I study GaSb, a compound
semiconductor material where holes carry the current. I develop suitable device designs
for the realization of a GaSb spin qubit and test if the material’s properties are suitable for
quantum computation.

The second research topic discussed in this thesis evolves around converting heat to currents
in serial double quantum dot devices. Conventionally, electrons obtain their incentive to
travel from one end of the device to the other by the application of an external voltage bias.
Whether current can flow or not then depends on how the metaphorical lift cars of the two
paternosters or quantum dots are positioned relative to each other. In this thesis, I study
currents that are driven by local heating of the device rather then by the application of an
external voltage bias.

I therefore develop device designs where tiny electrical heaters are placed on different loca-
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tions along the serial double quantum dot device. Then, I identify for which lift car config-
urations heat driven currents, so-called thermocurrents, can flow across the device. Here,
I find two effects that contribute to the thermocurrents: First, if a temperature difference
within the electronic circuit of the device exists, electrons gain incentive to travel through
aligned lift cars between the two quantum dots in an attempt to even out the temperatures.
Second, if the surroundings of the device is hotter than the electronic circuit itself, electrons
climb through misaligned lift cars and cool the environment in the process. Because both
processes essentially convert heat to current, which could be used to for instance charge
a battery, the devices discussed in this thesis can be seen as tiny engines which produce
electrical power. Because in the here discussed quantum dot-based devices researchers have
tremendous control over the current by tuning the positions of the metaphorical lift cars,
these tiny engines offer an ideal experimental playground to study fundamental concepts
that are otherwise only discussed theoretically.
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Introduction

My comrade caught me when I was
working empty-handed in the air
with microscopes over my eyes,

and wanted to run after the doctor.
— Microhands by B. Zhitkov [1]

In modern day popular culture, nanotechnology quite often finds itself portrayed as highly-
futuristic, often dangerous or almost magical technology (see Moonfall (2022)!, Bond
(2021)2, Spectral (2016)3, Transcendence (2014)%) that is far out of reach of today’s state
of the art. In reality, nanotechnology has already today silently made its way into mod-
ern day life with existing applications ranging from electronics, most notably the mini-
aturization of transistors which drives the computational power increases of processors, to
water-repellent coatings, sensors or medical applications. At its core, nanoscience and na-
notechnology aim to explore, design and functionalize systems with dimensions as small as
a billionth of a meter and build upon an understanding of the vastly changing properties
of materials when the dimensions are reduced to the nanoscale [2].

Much of our insights into the different opto-electronic properties of nanoscale structures
when compared to bulk materials date back to the early 20th century and the fundamental
idea of wave-particle duality [3] — a concept central to today’s interpretation of quantum
mechanics. The rapid progress in the understanding of the principles of quantum mech-
anics, sometimes deemed the first quantum revolution [3], has led to many technological
advancements. With drastic improvements to nanofabrication capabilities at the turn of the
215t century, however, a new trend away from purely using the fundamentals of quantum
mechanics to explain and search for materials and systems with suitable properties has
emerged in nanoscience, heralding what can be called the second quantum revolution [3].

"Nano-bots fuelled by artificial intelligence knock the moon out of its orbit and cause it to fall onto earth
2No time to die: Weaponized nano-bots target specific DNA markers

*Bose-Einstein condensate gone wild.. really, I do not know what is going on there

4A scientists consciousness is uploaded to a quantum computer and nano-bots remote control humans



Instead of working around quantum effects, clever device designs are now employed to act-
ively use and control quantum effects. Ultimately, this branch of nanotechnology pursues
the ability to engineer artificial material properties and push towards novel applications
beyond the boundaries of classical physics.

Here, this thesis comes in and aims to contribute to the development and characteriza-
tion of model systems where quantum effects are relevant. The systems discussed in this
work are designed to search for and use advantages arising from quantum effects compared
to devices governed purely by the laws of classical physics. Specifically, charge transport
across quantum dot (QD) systems in n- and p-type III-V semiconductor nanowires are
considered. Such QDs are electrically insulated, small semiconductor segments embedded
in an electronic circuit. As a consequence of the quantization of charge, Coulomb interac-
tions and confinement of the charge carrier’s wave function [4], QD systems allow charge
carriers to be trapped or shuffled between a series of QDs in a strictly sequential manner
5, 6]. Thus, this principle gives precise control over individual charge carriers and QD sys-
tems are an ideal platform to study fundamental quantum physics and to build applications
thereon.

One such application is the development of quantum bits or qubits [7], which in contrast
to classical bits can not only exist in the boolean states 0 and 1 but also a continuum of inter-
mediate, so-called superposition states [8]. As a result, qubits can tackle complex problems
out of reach for conventional computers. The spin of single charge carriers confined to a
serial double quantum dot (DQD) has been proposed as a platform for the experimental
realization of a qubit by Loss and DiVincenzo in 1998 [9]. Here, nanowires bring favour-
able properties that allow fast, all-electrical spin manipulation [10] and p-type systems are
further beneficial because of an increase in the spin’s coherence time as a result of a reduced
hyperfine interaction with the surrounding nuclear spins [11]. This thesis contributes to
the field by characterizing p-type GaSb nanowires with respect to the material properties
necessary for the realization of spin-orbit qubits and the development of suitable double
quantum dot device architectures.

In conventional transport studies on QD devices, electrons obtain their incentive to travel
across the device from a voltage bias applied between two electrical contacts on either side
of the QD system. In contrast, the second model system developed in this thesis aims to
deliver a comprehensive description of transport across a DQD, driven by temperature dif-
ferences between different parts of the device. This situation is achieved by the introduction
of local Joule heater electrodes. Thermally induced transport across DQDs is interesting
for a variety of reasons. First, the ability to drive currents by an external heat source allows
operation of the device as an energy harvester, converting waste heat into useful electrical
power [12]. Conversely, this also implies the ability for active cooling of for example a
quantum electronic circuit [13]. Finally, nanoscale devices coupled to their thermal envir-
onment give access to a regime where fluctuations are highly relevant and together with



quantum effects govern the properties of the device. For conceptually comparable systems,
so called thermodynamic uncertainty relations, describing an interplay between energy dis-
sipation and current fluctuations, have been predicted to give insight into non-equilibrium
behaviours [14]. Because boundaries described by thermodynamic uncertainty relations are
often derived based on the principles of classical physics, violations would directly link to
quantum effects and enable the definition of a quantum advantage.

Three published and peer-reviewed papers are included in this thesis, which aims to intro-
duce and put the experiments presented therein into context. The thesis is organized as
follows: First, in the remainder of this introduction, sections 1 and 2 describe the concepts
of quantum confinement of charge carriers in nanostructures as well as the Coulomb block-
ade effect. With the help of these concepts the principles of charge transport across single-
and serial double quantum dots are qualitatively derived in section 3 and quantified via rate
equations in section 4. The design considerations and fabrication techniques for the devices
in this thesis are introduced in sections 5 and 6. Sections 7 and 8 present the experimental
results of paper I, associated with the characterization and development of p-type GaSb
nanowire quantum dot devices. The results of papers II and III, where thermally induced
currents across serial double quantum dots and suitable heater architectures are studied, are
summarized in section 9. Finally, section 10 gives an outlook and introduces experiments
where thermodynamic uncertainty relations are probed with quantum-dot based energy
harvesters.

1 Low dimensional systems - from 3D to oD

As humans, we perceive the world and our surrounding space as three-dimensional and as
a result the concept of lower dimensional, especially zero-dimensional, objects may not be
obvious to the unfamiliar reader. In the context of solid-state physics, the dimensionality
of a system is classified according to the number of spatial directions along which particles
can travel freely. A reduction of the dimensionality by confining the free electron or hole
motion in one or more spatial directions results in altered opto-electronic properties and
the understanding and application of that principle is at the core of modern semiconductor
technology. The origin of the altered properties of lower dimensional systems compared to
bulk is found within quantum mechanics and this section aims to introduce briefly the
physics of low dimensional semiconductors from three- to zero-dimensions. The following
chapter is based on the description in ref. [15] with additional input from refs. [16, 17].

Understanding of how free charge carriers, electrons or holes, in a solid-state system exper-
ience their environment requires a description of the interactions of the charge carriers and
their host system. Such systems are described by the laws of quantum mechanics according
to which all particles are, in addition to their particle nature, also associated with a wave



nature a wavelength described by the de Broglie relation A\gg = 4/p [18]. Here, p is the
particle’s momentum and h denotes Planck’s constant. This wavelength Agp is usually in
the range of tens of nanometers for valence electrons in semiconductors at the Fermi-energy
(18, 19]. The de Broglie wavelength allows to make a first estimate of whether the charge
carriers experience their surroundings as three- or lower-dimensional. For systems with one
or more spatial dimensions in the order of or smaller than A\4g, charge carriers are subjected
to quantum confinement effects which limit their freedom of motion and they experience
their world as low-dimensional. In contrast, in bulk systems where all spatial dimensions
are large compared to A\gp the charge carriers are subjected to a seemingly infinite ionic
lattice, which allows them to move freely.

Electrons in bulk crystals

In order to understand confinement effects, first the electronic behaviour of bulk solid-state
systems must be considered. Even in bulk systems, free electrons are not unconstrained
but bound by the laws of quantum mechanics. A complete description entails studying the
cloud of valence electrons in the ionic lattice of the solid-state crystal. Such systems are
described by the many-body wave function ® ({7}, {]_é]}), where {7;} denote the coordin-
ates of valence electrons and {]_é]} of ions. Solutions to the time independent Schrédinger
equation A - -

He ({7}, {K}) = EQ({7i}, {&;}) (1)
then yield information about the steady-state energy spectrum of the system, a quantity
that is relevant for the description and explanation of many opto-electronic properties.
Here, H = H, 4+ Hion + Heion is the many-body Hamiltonian and E the total energy of
the system. The Hamiltonian contains contributions of the kinetic and potential energy of
the system and describes the interactions within the valence electron cloud (H.), the ionic
system (I:Iion) and the electron-ion interactions (I:Ie_ion). Solving the Schrodinger equation
for the many-body wave functions and energy, however, is a highly complex problem which
cannot be treated exactly and requires approximations.

The Born-Oppenheimer approximation [20] uses the fact that ions have a significantly
higher mass compared to electrons and allows adiabatic decoupling of the electronic from
the ionic system. This approximation reduces the problem to a many-electron system in an
effective ionic potential. Whilst simplified, the many-electron Schrédinger equation can
still not be solved exactly and thus, in an additional mean-field approximation, only a single
electron in a potential V(7) is considered. Instead of solving complex many-body interac-
tions, the single-particle potential V(7) combines the average effects of all ions as well as the
evenly distributed valence electron cloud, which act on the electron under consideration.
This single-particle picture remains sufficient to qualitatively describe the electronic prop-
erties of a bulk solid-state system as well as alterations introduced by confinement effects



and provides a suitable knowledge base to discuss the later-introduced experimental system
and results in this thesis.

The single-electron Schrodinger equation reads

6,00 =[-8+ V1] 009 = 267 8

where i = //(27) is the reduced Planck’s constant, 7 the electron mass and v represents a
quantum number, indexing bands in the systems bandstructure, and is now solvable for the
single-electron wave functions ¢, (7) and energies E,,. Because V(7) describes a periodic
lattice, it mirrors the crystalline translation symmetry V(7) = V(7 + R) with respect to
a lattice vector R. Following the Bloch theorem [21], wave functions solving eq. (2) for a
periodic potential are given by Bloch functions

bz, =z, (M) & (3)

which consist of a plane wave component, describing a free electron, multiplied by a central
cell function u /W(?) =ug (F+ R) following the lattice periodicity. The wave vector kin
the Bloch function descrlbes the electron momentum and the eigenvalues El,(k) yield the
electronic bandstructure of the bulk crystal. Based on these results and by considering
the translation symmetry and crystalline structure, all energetic states of the system can be
mapped within the first Brillouin zone and characteristic material properties such as the
band curvatures and bandgap are recovered for the system within the framework of the the
above discussed approximations.

Finally, the effective mass
, ( O*E, (k)
Ok?

in band v remains to be defined as inversely proportional to the energy dispersion. For the

m. =h

(4)

discussion of many opto-electronic properties of semiconductors only energies close to the
band extrema and for small wave vectors around % = 0 are of interest. For these conditions,
close to the bandgap, the curvature can often be approximated as isotropic and parabolic
and with the effective mass one obtains

Rk
EZ,Z/ = EO,I/ + o

v

(5)

Eq. (5) resembles the solution of the Schrédinger equation for a free particle (V(¥) = 0,
see for example ref. [16]) with mass 7z, offset by the band extrema Eg .. This implies that
in common bulk semiconductor systems, it can often be sufficient to treat electrons as free
moving particles where all effects of the periodic ionic lattice are bundled in an alteration
of the electron mass and electrons experience their world as three-dimensional.



Low dimensional systems and envelope function approximation

Based on the previous discussion, it now is possible to explore how spatial confinement al-
ters the system’s electronic properties. In contrast to the bulk system, a lower dimensional
system has a limited spatial extent along one or more dimensions of the order of Agp.
Because for many semiconductors A\gp is in the order of tens of nanometers [18], the con-
finement structure is in many experimental realizations, including the ones in this thesis,
of much larger scale than the lattice constant. The resulting structures are, due to their
dimensions, referred to as nanostructures. In nanostructures, the confinement effects are
introduced by a perturbation potential Vy,n0(7) and the new energy spectrum is obtained
by solving the single-electron Schrédinger equation [Hie + Viano ()] 6w (7) = Ep,, (7). The
Bloch theorem, however, no longer offers solutions for the wave function as the confine-
ment potential breaks the translational symmetry of the ionic lattice.

Instead, a spatial decoupling scheme in the form of the so called envelope function ap-
proximation can be used to solve the perturbed single-electron Schrodinger equation. The
envelope function approximation is based on the assumption that the perturbation-induced
energy shift is small compared to the energetic difference between individual bands in the
bandstructure and thus the perturbed wave function is similar to the unperturbed wave
function. Further, because Va0, (7) varies slowly compared to the lattice constant, it is
assumed that states for small # dominate. Then, the wavefunction to solve the perturbed
single-electron Schrodinger equation

¢V(;) ~ Uy - Fu(?) (6)

is approximated by the central cell function for k=0 multiplied by an envelope function
F, (7). In the effective mass approximation, it now becomes possible to separate the peri-
odic lattice potential V(7) from Vyuno(7) and the envelope function enters the Schrédinger
equation

2

2m*

v

A+ Viano(7) | Fu(7) = (E — EO,I/)FV(7> : @)

Equation (7) allows to discus the relevant physics to understand the effect of confinement
on the electronic structure of bulk systems and comes with interesting implications: 1)
Vhano (7) introduces an energy shift compared to the unperturbed band extrema Eg ,, and
2) The energy shift of the perturbed state depends only on the envelope function F, (7).

In the following, the example of electrons in the conduction band of a semiconductor with
the band minimum E¢ and an effective mass 7" is discussed. The lattice constant of the
semiconductor is given by 2 and the spatial extent of the semiconductor along the x and y
directions is significantly larger than \gg. Along the z-axis the semiconductor has a length
L such that A\gg > L > a,.
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Figure 1: Density of states in systems of different dimensionality.

This confinement introduces the boundary condition Fc(x,9,0) = Fc(x,y, L) for the
envelope function and the problem can be separated into electron motion perpendicular
and parallel to unconfined electron motion. According to the Bloch theorem, in x and
y direction, the envelope function is given by plane waves and can thus be expressed as

Fc(x,y,2) = e b X(z) with a standing wave x(z), the textbook result for confined
particles (see for example ref. [16]), along the z axis. With /eﬁ =k + /ej, the resulting

energy shift relative to the conduction band minimum

—

E_EC:E”+§/§1|>|O<’;1€N>O ®)
in eq. (7) becomes the sum of two parts: 1) A discrete energy contribution, the solution
for the standing wave component of the wave function and characterized by a quantum
number 7 which is induced by confinement of the electronic wave function along z as well
as 2) the kinetic energy of the free electron motion within the (x, y)-plane comparable to a
two-dimensional bulk system.

These results for a two-dimensional nanostructure imply that confinement effects introduce
a series of discrete energies E, which shift the electron energies against the unperturbed con-
duction band minimum with an energy dispersion E(Z”) resembling that of free electrons in
reduced dimensions. Consequently, subbands form within a given band v (the conduction
band in the presented example) in which electrons can move freely along the unconstrained
dimensions.

Following the same scheme, eq. (7) can also be solved for one-dimensional (assume spatial
confinement in z and y direction) and zero-dimensional (confinement in all dimensions)



nanostructures. One then obtains the single-electron conduction band energy spectrum

e
3D
2m*
hzleﬁ
E=Ec+ E,+ 2r* ~ 2D ()
R
E,+E, + - 1D
E,+E,+E oD

for an electron in the effective mass and envelope function approximation, where E,, ,, ; de-
note the discrete energy contributions originating from confinement in x, y and z-direction.
This result demonstrates that while for a three-dimensional bulk crystal the energy spec-
trum is continuous, subbands are formed for two- and one-dimensional nanostructures.
In the case of zero-dimensional nanostructures the single-particle energy spectrum is in-
dependent of % and is thus fully discretized. Because this resembles the atomic spectrum
rather than describing a crystals bandstructure, zero-dimensional systems are also referred
to as artificial atoms [22].

It is noteworthy, that E,, ,, ; depend strongly on the shape and energetic height of the con-
finement potential V,,n0(7) and therefore the experimental implementation of the low-
dimensional system. While, for example, material constricted nanostructures and hetero-
structures will have sharp potential walls, electrostatically defined structures can be more
smooth. For the textbook example of infinitely high potential walls confining the particle
h2n? j2

5,0+ are obtained (see for example

to a well of length L, the discrete energies E;—,, ,,; =

ref. [16]).

Many opto-electronic properties and effects in semiconductors are closely linked to the
density of states. The density of states of band v/, neglecting spin, 7, (€) = 7, > 70(e _Eu,/?)
describes a density of available states at a given energy € per volume V' [17] and can be
calculated directly from eq. (9). Here, d(x) denotes the Dirac delta function. Assuming an
isotropic parabolic dispersion the conduction band density of states reads

O(e — Ec)ve — Ec 3D

>.,0(e—E,) 2D
n(e) an O — En,m)ﬁ D (10)
me’lé(e —E, 1) oD

with the Heaviside step function O(x). The density of states for different dimensionalit-
ies is indicated in fig. 1. Figure 1 illustrates a few key properties and differences of low-
dimensional compared to bulk systems. In comparison to bulk systems, the energy ground



state is shifted in low-dimensional systems and 7(E) is continuous as long as electrons can
move freely in at least one spatial direction. For two- and one-dimensional systems sudden
increases of 7(E) arise when a new subband is energetically available. Zero-dimensional
systems are fully quantized and exhibit atom-like properties.

Finally, it should be noted that for the description of many opto-electronic properties not
only the electronic structure of a system but also the occupation of the available electronic
states is relevant. In equilibrium, electrons follow the Fermi-Dirac statistics and the occu-
pation probability of an energy state at energy € is given by

1
f(€7]4,T) = T . (II)
et +1

Here, g is the system’s electro-chemical potential, T is the temperature and kg is the
Boltzmann constant.

2 The Coulomb blockade effect

Early experiments in the 1950s on transport through grains in thin films at low temperat-
ures revealed that the so far discussed single-particle picture is insufficient to explain the
resistance behavior of small systems and transport can become dependent on the Coulomb
interactions between individual charge carriers [23, 24]. With rapid advancements in device
fabrication techniques and miniaturization in the 1980s [19], these effects became access-
ible through studies of transport across individual nanoscale islands, insulated from the
electronic circuit by tunnel barriers. These studies led to a quickly emerging, detailed un-
derstanding of Coulomb blockade, a phenomena based on the quantization of charge and
Coulomb interactions between electrons in spatially confined, often zero-dimensional sys-
tems, giving rise to single-electron tunneling and a many-particle energy spectrum within
nanoscale systems [25—28].

It should be noted that for Coulomb blockade to occur, a quantum dot defined by a discrete
single-particle energy spectrum as a result of confinement of the electronic wave function
in all three dimensions [19], is not required. Instead, Coulomb blockade is observable also
in larger structures at sufficiently low temperatures and a more distinguishable nomen-
clature for systems exhibiting Coulomb blockade is Coulomb island [22]. This distinction
is not always made sufficiently clear in literature. In line with the experimental system dis-
cussed later in this thesis, in the following the term quantum dot is used to refer to systems
where both Coulomb blockade and a zero-dimensional single-particle energy spectrum are
present and this thesis finds itself in excellent company in choosing simplicity over accurate
nomenclature.
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A simple approach to visualize and understand Coulomb blockade is to consider the ex-
emplary system of a single electron box (SEB). A detailed description of a SEB is found for
example in refs. [29—32]. A SEB is schematically illustrated in fig. 2(a) and consists of a
small metallic Coulomb island tunnel coupled to a large electron reservoir. An additional
gate-electrode is capacitively coupled to the island such that no current can flow between
the gate-electrode and the island. In the following, the principles of Coulomb blockade
are introduced for a Coulomb island in the framework of the constant interaction model
[19]. The constant interaction model is based on two assumptions: All relevant interac-
tions between electrons or holes on the Coulomb island as well as between electrons or
holes on the island and its charge environment are described by capacitances. Further, the
capacitances are considered independent of the number of electrons on the island [19].

In the constant interaction model, the system in fig. 2(a) can be described by a classic
equivalent circuit, shown in fig. 2(b). The capacitive coupling of the gate electrode, with
an applied voltage Vg, to the Coulomb island is characterized by the gate capacitance C,.
The tunnel barrier connecting the electron reservoir (here at ground potential) to the island
is described by a tunneling resistor Rt and a tunneling capacitor with capacitance Cr in
parallel. It should be noted that in order for the charge carrier wave function to be localized
on the island, a requirement for the observation of well-defined single-charge tunneling,
Ry must be much larger than the resistance quantum g [29].
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The charge Q,,,4 present on the Coulomb island is given by the sum of the charges found
on the capacitor plate corresponding to the island of the tunneling (Qr) and gate (Q,)
capacitor. Because the island is electrically insulated from the rest of the circuit and charge
is quantized in the form of electrons carrying the elemental charge e,

Qigtand = Qr — Qg = —eN (12)

is constant for a given V,; and described by an integer number of electrons N on the island
[31]. Based on that concept, the total electrostatic energy of the Coulomb island with a set
number of electrons N at a gate voltage V,

Y _ 2 CeVe)®  CeVe
U(N) /O (I)(Qisland)insland - 2CZ (N - ¢ > - P (13)

can be obtained [25]. Here, ®(Q,,,q) is the electrostatic potential of the Coulomb island

and Cy = Cr + C; denotes its self capacitance. The electrostatic energy U(N) consists of
Cgvg
(4

a component dependent on N which is, for different N, plotted against
and an N-independent offset [32].

in fig. 2(c)

CgVe

Figure 2(c) illustrates that Un/( ) yields a set of parabolas for each charge state N [30].

The ground state of the system, edeﬁned as the charge state with the lowest electrostatic
energy, shifts through different electron numbers N on the Coulomb island via variation
of the gate voltage V. Consequently, in between the parabola crossing points within a
range Ci(N - <y, < é(N + 1) the number of electrons on the island remains
constant and no electron exchange with the reservoir occurs. The system is in a Coulomb
blockade state. In contrast, if Vg is chosen such that it matches the crossing point of two
parabolas corresponding to successive N and N+1, a single electron can tunnel between

the Coulomb island and the electron reservoir.

The Coulomb blockade effect can be understood qualitatively by considering the repulsion
between the electrons located on the Coulomb island and an electron waiting to enter the
island, which has to be overcome by the attractive force exerted by the gate electrode. For
spatially small islands, the involved capacitances are small and thus the Coulomb blockade
effect induces a discrete energy spectrum to the island: By following the definition of the
electro-chemical potential #(N+1) as the minimum energy required to add the (N+1)th
electron to an island with N electrons [19],

#(N+1)=UN+1)— U(N) = 2222(2N+1)—eagvg (14)

a ladder of discrete energy levels on the island is obtained. Each level can be occupied by

one electron only and the energetic position depends linearly on V. In eq. (14), ag = g—;

is the lever arm of the gate and relates the voltage applied to the gate electrode to the energy
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shift induced on the Coulomb island’s electrochemical potentials. The relevant energy scale
for the Coulomb island is given by its charging energy [30]

€2

Eo= (N +1) - u(N) = &

(15)
defined as energy difference between two consecutive levels z(N+1) and #(N) and is inde-
pendent of N and V.

Figure 2(d) shows the schematic energy level diagram of a SEB. The Coulomb island is
separated by a tunnel barrier from the electron reservoir with the electro-chemical potential
Hreservoir A0 is characterized by a series of discrete levels #(N) spaced by the charging energy
Ec. Levels on the island can be energetically shifted down (up) by increasing (decreasing)
the gate voltage V. Allisland levels that are energetically below z, . ... are occupied by an
electron, all levels above p, .. are empty. The system is in Coulomb blockade unless V,
is chosen such that g . = #(N) lifts the Coulomb blockade and allows the exchange
of a single electron with the reservoir. Comparable schematic energy level diagrams will in
the following be sufficient to explain the characteristic transport properties of single- and
double quantum dot devices.

Finally, the Coulomb blockade effect is only observable at low temperatures T such that
the energetic smearing of the electron distribution in the reservoir is small compared to the
charging energy of the Coulomb island, 48 7 < E.. In the opposite limit, if kg7 > E,
the energy spectrum of the Coulomb island can be treated as continuous [27].

12



Charge transport through quantum
dot systems

At its core, the experimental work in this thesis discusses transport across single QD and
DQD devices, tunnel coupled to two charge carrier reservoirs. This chapter aims to intro-
duce the concepts necessary to understand the experimental work first qualitatively, based
on the constant interaction model before quantifying currents across QD systems via rate
equations. Although, both n- and p-type material systems are used for the experimental
realization of QD systems in papers 1 to 111, the following discussion is limited to the de-
scription of n-type QD and DQD. The qualitative description of transport can nevertheless
be directly transferred to p-type systems by considering an opposite sign for the charge of
the charge carriers.

3 Qualitative description: Constant interaction model

This section discusses the characteristics of transport across QD and DQD devices in the
framework of the constant interaction model [19]. In contrast to the previous discussion,
now the single-particle energy spectrum of the QDs has to be taken into account. In the
constant interaction model, the many-particle spectrum is described by the single-particle
spectrum of the QD or DQD with all degeneracies lifted by the Coulomb interactions.
The constant interaction model provides sufficient tools to qualitatively understand and
predict many transport phenomena in QD systems.

Transport through single quantum dots

The simplest QD system to study transport phenomena is conceptually close to the so far
discussed SEB and consists of a QD tunnel coupled to two electron reservoirs (source and
drain) and capacitively coupled to a gate electrode as illustrated in fig. 3(a). In contrast

13
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Figure 3: Schematic illustration of a single quantum dot device. a) Schematic illustration of a single quantum dot tunnel
coupled to a source and drain reservoir and capacitively coupled to a gate electrode. b) Classical equivalent circuit of
the single quantum dot device.

to a SEB the QD device allows for electrons to flow across the QD which also exhibits a
single-particle energy spectrum. The classical equivalent circuit for a device with symmetric
tunnel barriers is shown in fig. 3(b) and a detailed description of the electronic and transport
properties can be found in refs. [4, 6, 27] as well as in the appendix of ref. [s].

A discussion of the transport properties across the QD in the framework of the constant
interaction model follows the same scheme as presented for the SEB in the previous section.
The total electrostatic energy of the system illustrated in fig. 3(b), U(N, V¢, Vsp), now not
only depends on the number of electrons on the quantum dot and the gate voltage but
also the voltages applied between the source and drain contacts. In the following, the
drain contact remains grounded and a bias of Vsp is applied to the source. With the self
capacitance of the QD Cy = Cr + Cr + C; the electro-chemical potential for the Nth
QD level can be written as

6‘2
#,(N) = E( N — 1>+en—eZaivi (16)

and consists of three parts: The first term corresponds to the contribution of the Coulomb-
interaction induced discrete energy spectrum and the second term €, is the energy of the
single-particle level with index 7 which the Nth electron occupies. The last term accounts
for all external capacitive contributions from electrodes acting as gates at a voltage V;, where

o = CC" is the lever arm and C; the capacitance attributed to the coupling of the QD with
Z .

the electrode. In general the source and drain contact can act as a gate to the QD but for

simplicity capacitive contributions from the tunnel contacts are here considered negligible

such thate ), a;V; = e, V. Finally, it should be noted that z# (N) only denotes a ground

state of the system if €,, is the energetically lowest available single-particle level for the Nth

electron and otherwise describes an excited state of the QD.

In line with the description of the SEB, the relevant spacing between two successive ground

14
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states is given by the addition energy
Eud = #,,(N+1) = (N) = Ec + (€,, — €,) = Ec + Ae (17)

with the Coulomb interaction induced charging energy E. (‘:’2 and a contribution from
the single-particle energy spectrum Ae. The latter only yields a nonzero contribution if two
consecutive electrons occupy different single-particle levels, 72 # .

Electron transport through the device is only possible if the system is not in a Coulomb
blockade state. This requires a ground state level %, (N) to be located in between the electro-
chemical potentials of the source (zg) and drain (#,) contact. Then, electrons can flow
from source to drain (drain to source) if the condition pg < z, (N) < ppy (g > p,(N) >
#p) is fulfilled [6]. A bias difference applied between the source and drain tunnel contacts
opens an energetic transport window, ¢Vsp =y — pg and thus fulfillment of the transport
conditions depend on the bias Vsp across the device and the gate voltage V. Consequently,
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mapping the current Isp across the device as a function of Vsp and Vj reveals regions in
which the QD is in Coulomb blockade and the QD’s charge remains fixed. The resulting
current map is thus referred to as the charge stability diagram of the device and directly
reveals information about the charge state of the device, the charging energy and the single-
particle energy spectrum.

To demonstrate the transport behavior of QD devices, the so-far derived properties are used
to discuss an exemplary QD device with three spin-degenerate single-particle energy levels.
The Coulomb interactions between electrons on the QD lift the degeneracy of the single-
particle levels and the ground state energy spectrum of the device for a charging energy of
E. = 6meV and

Ac — {0 meV, N odd 18)

3meV, N even

is illustrated in figure 4(a). Figure 4(b) shows the charge stability diagram calculated for the
energy spectrum in (a). To understand the characteristic shapes observed within the QD’s
charge stability diagram, it helps to consider two specific cases.

First, a negligibly small positive bias, just sufficient enough to give electrons an incentive
to move from drain to source is applied to the device and the gate voltage remains variable.
This condition describes the blue cutline in the charge stability diagram in fig. 4(b) and the
transport mechanism is schematically illustrated in (c). If Vy is chosen such that a ground
state g, (N) is aligned with the contacts™ electrochemical potentials, z#g ~ p, a current
across the device is detected. It should be noted that only one electron at a time can be
transported across the QD due to the non-degenerate nature of %, (N). Thus, this transport

process is referred to as sequential tunneling, illustrated in @ In contrast, if no QD level
#,(N) is available within the transport window, the system is in Coulomb blockade, see

. Consequently, continuous variation of V gives rise to an oscillatory current, the so-
called Coulomb oscillations [22]. The spacing between two neighboring current peaks is
given by AV, = - (E. + Ae).

gf
Second, if the bias window is increased, Vsp > 0, the balance between regions of zero and
non-zero current along Vy is shifted as exemplary illustrated along the red cutline in fig.
4(b). The transport mechanisms along the cutline are shown in fig. 4(d). Initially, see (1),
no level 2 (N) is accessible within the transport window and the device is in Coulomb
blockade. Once the gate bias is changed such that z,(N) = zp, (2)) electrons can tunnel
from drain to source in a sequential manner and the onset of a conductive region in the
charge stability diagram is observed. The device remains conductive while zy < % (N) <
# @ and re-enters a Coulomb blockade state once point @ where the QD level is aligned

with the source electro-chemical potential, g = #, (N), is surpassed.

If the bias window is chosen such that eVsp > Aeg, a situation were both a ground state
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Figure 5: Schematic illustration of a DQD. a) Schematic illustration of a DQD consisting of two QDs in series tunnel coupled
to a source and drain electron reservoir. Each QD has a dedicated gate electrode. b) Classical equivalent circuit of (a).

#,(N) and an excited state z, (N) are within the bias window can be obtained, see @
Although, unless ¢Vsp < E. is fulfilled still only one electron can pass the device at a time
but the overall transmission probability for an electron is increased if an excited state is
energetically accessible. Consequently, the single-particle energy spectrum manifests as a
distinct pattern within the conductive regions of the charge stability diagram in fig. 4(b).

By consideration of different Vsp, the charge stability diagram of a QD is mapped. Regions
of Coulomb blockade, in which the charge state N of the QD remains fixed are, due to their
characteristic shape, referred to as Coulomb diamonds. The height height and width of the
Coulomb diamonds correspond directly to the addition energy. A detailed discussion of a
variety of additional features that manifest in the charge stability diagram of QDs is found
in ref. [33].

Transport through serial double quantum dots

By combination of two QDs in series, a DQD is formed. The DQD, schematically il-
lustrated in fig. 5(a) can conceptually be described as an extension of the QD device by a
second QD and gate. The source (drain) contact is tunnel coupled exclusively to the left
(right) QD and the two QDs are connected by a tunnel barrier. Thus, to transport charge
carriers from the source to the drain contact or vice versa, the charge carriers have to pass
through both QDs and the conditions to enable transport discussed in the previous section
must be fulfilled for each of the two QDs. Further, both QDs are equipped with a dedic-
ated gate, referred to as left and right plunger gate to shift the electro-chemical potentials
on the left and right QD, respectively.

Fig. 5(b) shows the classical equivalent circuit of the DQD. The interdot tunnel coupling
is described by Rty and Crjy and enables tunneling between the left and right QD.
Each of the two plunger gates in the system is coupled capacitively to its respective dot via
Cg L/r, but can also affect the other dot via a capacitive cross-coupling Cg1/rsr/L. The left
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(right) QD is characterized by its self capacitance Cs 1(r) = Crrr) + Cgr®) + Criine +
Cgr)—L®)- The total electrostatic energy of the DQD U(N, M, Vsp, Vg1, Vg r ) depends
on the number of electrons N on the left and M on the right dot as well as the bias across
the device and voltages applied to the plunger gate electrodes.

Although for many experimental device architectures both the plunger gate cross coupling
and the bias Vsp affect the energy levels on the QDs, these effects do not conceptually alter
the transport properties of the device. Thus, in the following these two effects are neglected,
reducing the total electrostatic energy to U(N, M, V, 1, Vgr) and the QD self capacitance
0 Cy 1) = Cri®) +CgL®) + Criine. A detailed description of the here introduced DQD
system in the framework of the constant interaction model can be found in refs. [s, 6] and
the following discussions are based mainly on ref. [s].

Information regarding the discrete energy level structure of the two QDs in the system
is, in analogy with the treatment of QDs and the SEB, contained within their electro-
chemical potentials. As a result of the capacitive coupling between the two QDs, however,
the electro-chemical potential of the left QD with N electrons charged to the QD can
not be treated independent of the occupancy number M of the right QD and vice versa.
Consequently, the electrochemical potential of the left dot

N N-1
#E(N, M) = (U(N,M) + Zel,;(i)> - (U(N— 1,M) + Ze{;@> =
1 1 L
=|N-— E EcL + MEjine — ; (Cg,LVg,LEC,L + Cg,RVg,REc,int) + €, (19)

is defined as energy required to add the Nth electron to the left QD with a constant number
of M electrons charged to the right QD [s]. In complete analogy, the electrochemical
potential of the right QD is then given by

1 1
ﬂE(Nv M) = <M - 2> EC,R + NEc,int - ; (Cg,RVg,REc,R + Cg,LVg,LEc,int) + 65 . (20)

Here, €l is the single particle energy of the Nth electron on the left QD (X of the Mth
electron on the right QD) and €}, (ei(i)) denotes the single particle energy of the ith
electron on the left (right) QD. The energy scales are set by E.1, Ecr and Eg ., which
take the role of the charging energies of the left and right as well as the interdot coupling
energy, respectively. The interdot coupling energy sets the energy scale by which the energy
of one QD is adjusted when an electron is charged or discharged from the other QD [s].
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The energy scaling factors E 1, Ecr and E . are given by:

& 1
ECL - (21)
CZ’L 1= CZCL%EKZ R
¢ 1
Er = (22)
© CE’R 1 _ C”zl",int
Cs1Csr
& 1
Ec,int — C’I;int CE,IiCE,R 1 (23)
T,int

The addition energies for the left and right QD, again defined as difference in energy
between two successive ground states in the left or right QD [s],

Euar = 7 (N + 1L, M) — 25(N,M) = Ecp + (e — €) = Ec1 + Aer (24)
Eadr = s (N, M+ 1) = sB(NUM) = Ecr + (€8 — &) = Ecr + Aer  (25)

resemble the form of eq. (17) for a single QD device. In egs. (24) and (25), el (eR) de-
notes the single-particle energy of the Nth (Mth) electron on the left (right) QD and €l
(651,) denotes the single-particle energy of the (N+1)th ((M+1)th) electron on the QD. Con-
sequently, Aer/r only yields a non-zero contribution to the addition energy if two consecut-
ive electrons on one dot occupy different single-particle states. The resemblance of eqgs. (24)
and (25) to the QD case in turn justifies the previous definition of the charging energy where
the capacitive coupling between the two individual QDs introduces a correction factor [s].

The charge stability diagram

By studying its charge stability diagram, an overview as well as experimental access to many
properties, including the charge occupancies and the energetic structure of the DQD device
can be obtained. In analogy to the QD device the charge stability diagram illustrates regions
of non-vanishing conductance and Coulomb blockade of the DQD device dependent on
the externally applied voltages. While for a QD, only the source-drain and gate voltage
is relevant and the charge stability diagram is of three-dimensional nature, the situation is
more complex for a DQD. With the second QD and gate in play, the current through the
device depends on three voltages and the complete charge stability diagram becomes four-
dimensional. For the visualization of many device properties of the DQD, however, it is
sufficient to fix the source-drain bias at a constant value and study the transport behaviour
as a function of the left and right plunger gate.

The characteristic shape of regions of constant charge in the (Vg 1-V, r)-plane are readily
described in the situation where Vsp = 0 and the electro-chemical potentials of the source
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Figure 6: The DQD charge stability diagram. a) Charge stability diagram in the limit of vanishing capacitive coupling between
the two QDs. b) lllustration of the DQD level diagram on the fourfold-degenerate charge state points in (a). ¢) Charge
stability diagram for a non-negligible capacitive interdot coupling. d) lllustration of the electron and hole transport
cycle triple points. e) lllustration of the electron transport cycle. f) lllustration of the hole transport cycle. In b/e/f index
0 denotes a ground state of the DQD. (a/c) are inspired by [5].

and drain contact coincide, #g = pp = pgp. First, the simplified case of vanishing
capacitive coupling between the two individual QDs, Crj,. — 0 is considered. Then,
the interdot coupling energy also vanishes, limc,, 0 Ecinc = 0, and the electro-chemical
potential of each QD becomes independent of the occupation of the second QD. The
correction factors to the charging energies in egs. (21) and (22) then equal to one and the
charging energies of the leftand right dot are given by E. 1 /r = %UR Thus, the description
of the DQD system is reduced to the discussion of single QDs at vanishing bias, as described
in fig. 4(c).

Upon variation of the left (right) plunger gate V, 1 (r) the electro-chemical potentials of the
left (right) QD are energetically shifted. The charge state of the left (right) QD remains
constant and the QD is in Coulomb blockade unless the condition g, = ﬂlrléi)) (N, M),
where 7, m denote ground states, is fulfilled. If the electro-chemical potential of the reser-
voir coupled to the left (right) QD is aligned with a ground state QD level, the Nth (Mth)
electron can be exchanged with the reservoir and the charge state of the QD can be changed
by one while the right (left) QD remains unaffected. Consequently, in the (Vg -V R)-
plane this behavior yields a chessboard pattern of regions of constant charge (N, M) on
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the DQD as illustrated in fig. 6(a). Because on the outlines of each chessboard tile the
total charge state (N, M) of the DQD is changed by one, these lines are referred to as
charging lines in the charge stability diagram. The extent AV, /AVgR of the regions of
constant charge along the V, L/ Vg r-axis is, in full analogy to the discussions in 3, given by
eg L/IRAVg LR = Eadd L/R-

Non-vanishing conductivity across the DQD is not observed at every point in the charge
stability diagram of the DQD where a charge state transition is possible. Instead, for a
charge carrier to be transported through the DQD, both QDs must be in a conductive
state. In the absence of a bias between the reservoirs this imposes the transport condition
sy = #(N,M) = 4R (N’,M’) for the ground state energy levels on the left and right
QD, as illustrated in fig. 6(b) for the (0,0) — (1, 1) charge transition. Within the charge
stability diagram, see fig. 6(a), the transport condition is only fulfilled for points where four
charge states (N, M), (N+1, M), (N, M+1) and (N+1, M+1) are energetically degenerate. As
a result, non-vanishing conductance of the DQD is only found on the crossing points of
charging lines.

In many DQD systems the capacitive coupling between the two QDs does not vanish,
Crine > 0, and the simple picture of two independent QDs in series no longer holds.
Instead, if an electron is added to or removed from one QD, the levels on the second
QD are shifted by E .. This energy shift removes the possibility to obtain points where
the charge states (N, M) and (N+1, M+1) are energetically degenerate. Consequently, the
fourfold degenerate points in the charge stability diagram for capacitively uncoupled QDs
are split into two points where three charge states are energetically degenerate, the so-called
triple points (TPs) [6]. In the resulting charge stability diagram, regions of constant charge
are then hexagonal and yield a honeycomb pattern in the (Vg1-Vgr)-plane as illustrated
in fig. 6(c). The dimensions of a honeycomb-cell AV, 1/r and the separation between the
triple points AV;{,R along the left/right plunger gate axis

€2 AGL/R
eAV, 1R = (1 + ) (26)
& Cg LR Ecur
€2 Cei AEL/R
EAVTP — c,int (1 + > (27)
glR ™ CurCr i Egint

directly relate to the energy spectrum of the two QDs [s].

Cross-capacitances between the left gate and right QD as well as between the right gate and
left QD lead to a shift in the electro-chemical potentials of both QDs when the voltage on
one gate is adjusted. This effect introduces an additional, overall tilt to the outline of regions
of constant charge, which is not considered in fig. 6(a/c) [5] but can often be seen within
experimental data.

The two TPs, illustrated schematically for the (0,0) — (1, 1) transition region in fig. 6(d)
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define the points in the charge stability diagram where the (N, M), (N+1, M) and (N, M+1)
charge states (black dot) as well as where the (N+1, M), (N, M+1) and (N+1, M+1) (white
dot) charge states are degenerate. The condition for transport across the DQD is fulfilled
in each of the TPs and the TPs can be distinguished according to their transport cycle. The
electron transport cycle, illustrated in fig. 6(e) describes an electron entering the left QD
from the source, tunneling into the right QD and finally leaving into the drain reservoir.
This transport cycle occurs at the TP corresponding to degenerate (N, M), (N+1, M) and
(N, M+1) charge states (black dot in fig. 6(d)). In contrast, the TP marking the (N+1, M+1),
(N+1, M), (N, M+1) degeneracy (white dot in fig. 6(d)) in the charge stability diagram can
be attributed to the transport of a hole from the drain, through the right into the left QD
to the source reservoir[s, 6], see 6(f).

Finally, in contrast to the charging lines, along the newly introduced boundaries of regions
of constant charge, connecting an electron- and hole-cycle TP corresponding to the same
charge transition within the DQD charge stability diagram, the overall charge of the DQD
remains unchanged. Instead a charge is shifted from one QD to the other and this line is
thus referred to as charge transfer line.

The finite bias triangles

If a bias Vsp is applied between the source and drain reservoir, non-vanishing conductance
is not only observed at the exact locations of the TPs, but in regions forming around the
TPs. Within these regions, the charge state of the DQD is no longer well defined because
electron exchange between the two QDs and between the DQD and its reservoirs is possible
[32]. The exact location of the conductive regions within the charge stability diagram with
respect to the TPs depends on how the DQD is biased and thus a clear bias convention
is important to describe the DQD charge stability diagram in a constant, non-zero bias
configuration. In the following, in agreement with the experiments and fig. 5(b), Vsp is
applied to the source contact and the drain contact remains at constant ground potential.

The energetic difference between the source and drain electro-chemical potentials is given
by eVsp = pp, — pg which opens up a transport window across the DQD and sets the
boundaries of the transport conditions. For simplicity of notation and readability, here z5/®
denote ground states and /R denote excited states of the left/right QD. In case of positive
bias, g > #g> Lransport across the DQD is possible if levels on the left and right QD are
within the bias window such that the condition xp, > #&(N', M) > pb(N,M) > ug is
fulfilled. In the case of a negative voltage bias the condition is altered to zzg > u§(N, M) >
#(N',M’) > pp,. For positive (negative) bias, this condition essentially describes an ef-
fective, variable transport window for the left (right) QD in between the ground state level
on the right (left) QD as well as the electro-chemical potential of the source (drain) reser-
voir. Consequently, non-vanishing conductance in the charge stability diagram is limited
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Figure 7: lllustration of the finite bias triangles. a/b) Measured current at a (N, M)—(N+1, M+1) charge transition for a
bias of Vsp = 1 mV (a) and Vsp = —1mV (b). ¢) Schematic illustration of the finite bias triangles. c) lllustration of
transport within the finite bias triangles. Levels causing the relevant features or boundaries marked in (c) are labelled
in red. Index 0 denotes a ground- and index 1 an excited state of the DQD.

to triangular regions, the so-called finite bias triangles.

Fig. 7(a) and (b) show the current measured through a positively (a) and negatively (b)
biased DQD near a (N, M) — (N+1, M+1) charge transition. Non-vanishing current is
indeed observed in triangular regions, defined by the transport conditions given above,
which extend outward from the TPs. By comparing the transport conditions for positive
and negative bias it becomes immediately obvious that the TPs, where ground state levels
on both QDs are aligned with z, act as either upper or lower bound for transport under
positive or negative bias. Consequently, the triangles for positive and negative bias grow
out of the TPs in opposite direction and are shifted against each other.

A detailed description of the boundaries and transport mechanisms leading to the formation
of and structure within the finite bias triangles is schematically given in fig. 7(c) and (d)
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for the exemplary electron transport cycle of the (N, M) — (N+1, M+1) transition of a
positively biased DQD. The corner points of the finite bias triangle are given by the TP
(D), where iy = (N + 1,M) = z5(N, M + 1), and (2) where ptg = pd (N + 1, M) =
#5(N, M + 1) as well as the point of maximum detuning @ between the ground state
level on the left and right QD for which transport is still possible, 2, = i (N + 1, M) >
/"%(N7M +1) = Hs:

These corner point boundaries clearly illustrate that the dimensions of the finite triangles
depend directly on the magnitude of the bias window ¢Vsp and the extent of the triangles
along the left and right plunger gate axis (0Vg1/r)

eVsp = agL/ROVg LR (28)

allows the separate experimental extraction of the lever arms for the two plunger gates [s].

Within the finite bias triangles, both elastic and inelastic transport occurs [34, 35]. The con-
dition for elastic transport, 1y > #8(N 4+ 1, M) = u5(N,M + 1) > ug, is fulfilled only
along the baseline of the triangle, connecting point @ to @ Along this line, the ground
states on both QDs remain aligned but their energetic position is varied. In contrast, within
the finite bias triangle, see @, the ground states on the two QDs are energetically detuned
and the inelastic transport condition, z, > u(N + 1,M) > uf(N,M + 1) > ug, is
valid. Because energy must be conserved, this transport process requires exchange of en-
ergy with the DQDs environment [35], which occurs through the emission of an acoustic
phonon [34]. It is noteworthy, that this process depends on the available phonon modes
in the DQDs host system and can therefore be used to experimentally probe the phonon
mode spectrum in the DQDs environment[36—38]. The difference between elastic and in-
elastic transport within the finite bias triangle explains the higher current along the baseline
compared to the remaining triangle area in fig. 7(a) and (b).

Finally, in analogy to single QDs, the single-particle energy spectrum of the QDs manifests
within the finite bias triangles. If the transport window ¢Vsp exceeds the ground-to-excited
state spacing Aep R in the left or right QD and the ground states are sufficiently detuned,
additional transport channels become available. While still in a sequential transport regime,
this results in an increased current in the tip of the finite bias triangle and is illustrated in
fig. 7(c), see @, and observed in fig. 7(a) for an excited state ﬂ%(N + 1, M) in the left QD.
The distance from the triangle baseline to the ground state - excited state resonance can
thus be used to gain insight on the single particle energy spectrum of the QDs. A detailed
description of the finite bias triangles including excited states is found in ref. [s].
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Figure 8: Pauli spin blockade (PSB). a) Experimentally detected current through a DQD using an AC excitation of Vsp = 2mV
rms. Black arrows indicate PSB. b) Simulated currents in the charge stability diagram of a DQD with a spin degenerate
level on each QD at a bias of Vsp = +2mV. Triangles for both bias polarities are plotted in the same figure. c)

Allowed transport for positive bias along the (0, 1)—(1, 2) charge transition. d) Pauli spin blockade for negative bias
along the (0, 1)—(1, 2) charge transition.

Pauli spin blockade

Figures 8(a) (experiment) and (b) (simulation) further reveal an additional transport-restricting
phenomenon in DQDs: At the (o, 1)—(1, 2) charge transition the finite bias triangles cor-
responding to negative a negative bias, marked by a black arrow, are partially suppressed
compared to their positive bias counterpart in the experimental data. Conversely, at the
(1, 0)—(2, 1) charge transition current suppression is found for positive bias. This effect
is more pronounced in the simulation in fig. 8(b), where current, which is (merely) sup-
pressed in the experimental finite bias triangles, completely vanishes. The current blockade
is based on the spin properties of electrons. According to the Pauli exclusion principle, two
electrons of parallel spin cannot occupy the same single spatial orbital [39], which intro-
duces additional constraints for electron transport across the DQD system and the effect
observed in figs. 8(a) and (b) is referred to as Pauli spin blockade (PSB) [6].

For a current rectification due to the Pauli exclusion principle to occur, a spatial orbital must
be partially filled such that the next available ground state only accepts an electron with a
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predetermined spin orientation [40]. In the case of conventional odd-even spin filling,
current blockade is found for interdot charge transitions along which the total combined
number of electrons on both QDs is even [41]. In the following, the principle of PSB is
exemplarily discussed for the (0,1)—(1,2) charge transition, where one electron occupies
the right QD and the total number of electrons on the DQD during the interdot charge
transition is two.

Because the spin blockade effect is of many-particle nature, a description requires consid-
eration of the two-electron spin states in the system: The two electrons can either form
a spin singlet (anti-parallel spins in the same spatial orbital) or a spin triplet (parallel or
anti-parallel spins in different orbitals). Transport across the DQD for a positive voltage
bias is schematically illustrated in fig. 8(c). A spin-down electron is situated in the right
QD outside the transport window. Because the triplet T(0,2) state is not available, only a
spin-down electron can selectively tunnel from the drain reservoir into the ground state on
the right QD to form the singlet state S(0,2). The left QD is unoccupied and in the limit of
small tunnel coupling between the two QDs the singlet and triplet states S(1,1) and T(z,1)
are nearly energetically degenerate (and the split is not resolvable) within the ground state
level of the left QD. Consequently, aside from the drain-to-DQD tunneling process, no
further spin selective restrictions apply and transport across the DQD is recovered within
the finite bias triangles.

In contrast, if a negative voltage bias is applied across the DQD, an electron entering the
left QD from the source can either form the S(1,1) or T(1,1) state and thus its spin ori-
entation is arbitrary. If a spin down electron enters the left QD, it can flow through the
singlet states S(1,1) and S(0,2) without restrictions [39]. Once a spin-up electron enters the
left QD it forms the T(1,1) state, but the right QD only offers the spin singlet S(0,2) and
transport from the left to the right QD is blocked by the Pauli exclusion principle. This
situation is illustrated in fig. 8(d). Unless the level on the left QD is aligned with sy and
the T(1,1) state can be exchanged for a S(1,1) state, the electron on the left QD becomes
trapped and transport through the DQD is blocked [41]. Finally, if the bias window is
sufficiently large such that the triplet T(0,2) is accessible, spin blockade is lifted [41]. Neg-
lecting contributions from the exchange interaction, this lifting of the spin blockade occurs
if an excited state luoR(O, 2) (not included in fig. 8(b/d)) enters the transport window [40]
and a fraction of the finite bias triangles remains conductive as can be seen in the experi-
mental data in fig. 8(a), where current in the finite bias triangle tips is not suppressed for
the spin blockaded features.

PSB provides direct experimental access to spin states in DQDs and has thus been studied
theoretically and experimentally for a variety of regimes and material systems, see for ex-
ample refs. [39, 41—44]. A detailed description of the two-electron spin singlet and triplet
states and their relevance for Pauli spin blockade is found in ref. [6].
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Variation of the interdot tunnel coupling

Up until this point the DQD system has been described in the framework of the constant
interaction model, assuming negligible tunnel coupling with respect to the electrostatic
coupling between the left and right QD [6]. Interactions between the two QDs are then
limited to purely capacitive effects. This holds true in the so-called weak interdot coup-
ling limit, where electronic wave functions are fully localized and confined to either the
left or right QD and the DQD acts as an artificial molecule with ionic bonds [45]. In
contrast, if the interdot tunnel coupling exceeds the weak coupling limit, wave functions
extend across both QDs and electrons in the DQD become delocalized. These delocalized
electrons resemble valence electrons in molecules. Consequently, the DQD behaves like
an artificial molecule with covalent bonds [45, 46]. A detailed theoretical description of a
DQD including both, tunnel- and capacitive-coupling related effects can be found in refs.

(s, 47].

To introduce the impact of the interdot tunnel coupling, in the following, the simplified
description of a DQD based on tunnel couplings and illustrated in fig. 9(a) is considered:
The left and right QD have one ground state energy level E, and Er each and the two
QDs are coupled by the interdot tunnel coupling Q. The level Ey, is tunnel coupled to
the source- and ER to the drain-contact, characterized by the tunneling rates I't, and T'r.
The tunnel rates essentially describe at what rate electrons are expected to hop across the
respective tunnel barrier. Further, the energetic level detuning between the two QDs is
given by A = E; — Eg.

The hamiltonian H = Hy + Hy where Hy is the Hamiltonian of the uncoupled DQD
system and Hr introduces the finite tunnel coupling between levels on both QDs [s5] de-
scribes the DQD system outlined in fig. 9(a). Eigenstates of this Hamiltonian are given by
the delocalized molecular bonding (B) and antibonding (AB) states

Y = ady + fPr

Yap = BPL + aPr (z9)

which are the result of a superposition of the single QD states ®1/r [6]. The energy of the
bonding orbital is decreased compared to the lower of the two levels Ep/r while the energy
of the antibonding orbital is increased compared to the energetically higher unperturbed
level [46]. The energetic difference

AEAB—B = EAB — EB = Az + (29)2 (30)
depends on the detuning A [45].

Figure 9(b) illustrates the relation between the energetic position of the bonding and an-
tibonding states and the uncoupled QD levels Ej g as a function of the detuning A. While
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Figure 9: Impact of the interdot tunnel coupling. a) Schematic illustration of a simplified DQD in a tunnel coupling frame-
work. b) Calculated energies of the bonding and antibonding orbitals as a function of the level detuning A for
Q = 1 meV. ¢) Charge stability diagram in the limit of weak and strong interdot tunnel coupling.

for large A, the energetic position of the bonding and antibonding orbitals approaches
that of the unperturbed states, the minimum energetic distance is bound by 2Q at A = 0.
Consequently, finite tunnel coupling between the two QDs introduces an avoided-crossing
behavior for eigenenergies of the DQD [s]. The avoided-crossing manifests directly in the
DQDs charge stability diagram. First, the TPs corresponding to the electron- and hole-
transport cycle are further split by an additional 2Q. Second, the charging lines directly
follow the hyberbolic behavior shown in fig. 9(b), which introduces a bending most visible
in close vicinity to the unperturbed TP positions [46]. This change introduced to the charge
stability diagram by including the interdot tunnel coupling is schematically illustrated in

fig. 9(c).

Finally, the interdot tunnel coupling introduces the possibility to detect currents along
the charging lines in the charge stability diagram. In the absence of a voltage bias across
the device, an unperturbed level of the left (right) QD is aligned with the source (drain)
reservoir along charging lines. With wave functions extending across both QDs, however,
electrons may enter a delocalized state from the source (drain) reservoir and leave the DQD
through the drain (source) reservoir. If a finite voltage bias is applied, this effect can give
rise to a detectable current band with an energetic width corresponding to the transport
window ¢Vsp along the charging lines. With increasing A, the bonding and antibonding
molecular states become more localized in one of the QDs and thus the probability of an
electron traveling across both QDs decreases [48]. In the case A > Q) the tunneling rates
for a state mainly localized in the left (right) QD can then be approximated by

F£(R) ~T'iw

, Trp@? (31)
RO~ T

28



a) b)

weak coupling strong coupling
(" 0246810 N\ [/ 02468 )
o | 2otk 50 (PA) 20kt 5D (PA)
2| [@=50pev Q=750 peV
g 4 o ¢
~— ‘ 4
— | 101 10
>m 4 N
[0 4 o @
- 5
S v \_ 0 R A 10 20/
- i intermediate coupling single QD-like
5 : (" 0246810 N/ 02468 )
= i <20 e Isp (PA) 50 tankenln 5D (PA)
: o |~ Q=250 pev Q=2meV &)
: £ 4 A‘
i = | 10 2 10
E 3 i \
o
-| o+ A 04
: S A
23 ' 25 ' 27 *L 0 10 20/ \_ o0 10 20/
Vg,L (V) ecxg,RVg,L (meV) eag,RVg,L (meV)

Figure 10: Charge stability diagram of a DQD at different interdot tunnel couplings. a) Measurement on a DQD with
an AC excitation of Vsp = 2mV rms. For increasing occupancies the tunnel barriers effectively decrease in height
and different interdot coupling regimes are accessed. b) Simulations of the current through a DQD with one spin
degenerate level on each QD with different interdot couplings Q.

where I'{ and I'y describes the tunneling rate between the molecular state and the source
and drain contact, respectively [48].

Experimentally two methods can be employed to tune the interdot tunnel coupling: Dir-
ect, electrostatic tuning of the tunnel barrier between the two QDs is possible via gate
control and an effective decrease of the tunnel barrier height can be obtained by increasing
the QD occupancies. Fig. 10(a) shows the experimentally detected charge stability diagram
of a DQD over a wide range of occupancies (N, M). As a result of the decreased barrier
height and thus mainly increasing ), the current signals undergo significant changes and
can be sorted into separate regimes. The different characteristic interdot coupling regimes
are illustrated by simulations of a DQD with Ec = 10 meV and different Q in fig. 10(b).
For low DQD occupancies/Q2 the DQD is in a weak coupling regime (labelled in blue),
characterized by well defined finite bias triangles. As  increases, currents manifest along
charging lines and first indications of an avoided crossing reshape the finite bias triangles.
This characteristic range (see red label) is in this work attributed to an intermediate coupling
regime. As () approaches the order of magnitude of Ec, first finite bias triangles vanish and
clear avoided-crossings occur near the TP locations, indicating a strong interdot coupling
regime (purple label). Finally, for further increased Q, charging lines become more diag-
onal and regions of constant charge no longer appear in a well-defined honeycomb-pattern
(see green label). In this last regime, the QD states are widely delocallized across the DQD
and the system effectively behaves like a single QD coupled to two plunger gates. It is note-
worthy that in experiments, currents can also be observed along the charge transfer line for
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increasing tunnel couplings. These currents are then the result of higher order cotunneling
transport processes [43] and are not accounted for in the simulations in fig. 10(b).

4 Quantitative description: Rate equations

A qualitative understanding of transport phenomena in QD systems was developed in the
previous section based on the constant interaction model. Practically, however, a quantitat-
ive description is needed for a direct comparison between experiments and theory, which in
turn can give valuable insights into parameters of the experiment, such as temperatures and
tunnel couplings. A quantitative approach based on classical rate equations for sequential
electron transport across voltage [25, 49] and thermally [50] biased QDs was introduced in
the early 1990s when experimental progress made controlled measurements on metal [s1]
and semiconductor [52—54] single electron transistors possible [55—57].

The underlying concept of classical rate equations is based on the time evolution of the
occupation probability

P,
— =2 (WsoaPs — WarPa) (32)

B

of a state |cv) [58], described by the total transition rates W, g at which the system changes
from state |v) to other states |3) [59]. For a vector P containing the occupation probabil-
ities of all relevant states of a system, eq. (32) can be expressed in matrix form

—

aP -
Z —_WP
2 (33)

where the elements of the transition matrix are given by W3 = Wg_,, for a« # 3 and
Waa = =2 5.4 Wa—p [58]. For the stationary case, dP/dt = 0, where on aver-
age all P, remain constant in time and in combination with the normalization condition
Yo Pa =1, eq. (33) results in set of homogeneous equations which can be solved for the
occupation probabilities of a given system [60]. With both the rates and the occupation
probabilities known, arbitrary particle currents within the system can directly be calcu-
lated by summation of the relevant rates, weighted by the occupation probabilities of states
involved in the transitions.

The applicability of classical rate equations to QD systems is in the following demonstrated
by considering the example of a single electron transistor (SET), consisting of a QD), weakly
tunnel coupled to a left (L) and right (R) electron reservoir via energy independent I'y, /R
and capacitively coupled to a gate electrode. This example is of particular interest not only
for its illustrative simplicity but because it often suffices to accurately reproduce and fit ex-
perimental data. As such, the following model is extensively used for thermometry and fits
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for tunnel couplings in papers 11 and 111. Suppose for simplicity that the Fermi-energy is set
to zero and assume that the single-particle energy spacing of the QD is sufficiently large such
that only one spin degenerate resonance is accessible for transport and I't, R < 48T1, R,
where Ty, and TR denote the temperatures in the left and right electron reservoir. The
latter condition ensures negligible lifetime broadening of the QD states in relation to the
other energy scales in the system [61]. The QD resonance can be populated by N = 0, 1,2
electrons with its electro-chemical potentials #; = —eagVy and x, = Ec — eagV,
corresponding to the many-particle QD states, obtained from the constant interaction
model. Further, the lead electron reservoirs are assumed in a fully thermalized state and
thus the occupation probability of lead states is described by the Fermi-Dirac distribution,
Sir(pn) = Apn FeVsp /2, T yr) in eq. (11). The electro-chemical potential of the left
and right lead is determined by the value of a symmetric bias Vsp applied between the two
leads.

In a strict sequential tunneling framework, where no cotunneling effects are present (small
I't, r) only transitions between QD states differing in electron occupancy by exactly one
remain relevant if the charging energy Ec > ¢Vgp, #8T1, r greatly exceeds the external
bias and temperatures [58]. A change of the QD occupancy occurs via transport processes
involving either the left or right lead and four charge state transitions remain possible:
0—1,1—0,1— 2and2 — 1. Thus, the eight possible total transition rates

Wﬁﬁi = 2I'L/rfL/R (#1) W}j}% =T'y/rfr(#,) )
4
Wi R =Tk (1= fir(s)) Wik =2k (1 - fi/r(x))

of the system are a function of the tunnel couplings I'y, /g between the QD and the leads,
weighted by the probability of finding either a populated or a vacant state in the leads for
electrons to tunnel from or to [58, 62]. The factor of two in selected rates in eq. (34) is
a result of the spin degeneracy: Transitions into (out of) the empty (full) QD resonance,
N = 0 (N = 2), allow for an electron of either spin orientation to enter (leave) the QD.
In contrast, if N = 1 transport into and out of the QD is spin selective.

Because either only #, or x, is considered accessible for transport at any given voltage
bias and temperature, the 0 <+ 1 and 1 <+ 2 QD charge state transitions become fully
independent. Then, the probability Pﬁ/HN, of finding N electrons on the QD if the N’ «»
N charge state transition is accessible as a function of the total transition rates

1—=0 2—1
P()<_>1 _ Zi:L,R Wl' - Ple _ Zi:L,R Wi -
’ i=L,R (WOl 4+ W)0) : 2LR (W72 4+ Wit (35)
P0<_>1 . Ez’:L,R ngﬂ 12 Zi:L,R WZIHZ
1 =

L (WO W) 22 5 R (W2 W)

[62] is the result of the normalization conditions PJ™1+P%*! = 1 and P1724+- P12 = 1
[63]. With all relevant transition rates and occupation probabilities now expressed by the
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a)  voltage bias b) " thermal bias

Figure 11: Transport window under voltage and thermal bias. a) Schematic illustration of the transport window for a
voltage biased QD. Dashed lines enclose the current-saturated region. b) Schematic illustration of the transport
window for a thermally biased QD. Black arrows in (a) and (b) indicate the direction of the net electron flow through
a QD level situated in the indicated energy range.

bare tunnel couplings and the bias and temperature applied to the leads, currents through
the system can be quantified via experimentally accessible parameters only. In the stationary
case, the current through the left- equals that through the right tunnel barrier [58, 63] and
an electron travelling through the system from the right- to the left lead defines a positive
current contribution. Consequently, with egs. (34) and (35), the charge current through z,

T = e (T (1 — ) P = 201f e PT) =
=2 LR ) — ) GO
I'u + I'r + Iofu(p) + TR (#) i LAy

is calculated from the probability current [58, 62, 63]. Conversely, the current through z,
is given by

Tiesa = e (2L (1= () PY7 = Tufi(y )P0 ) =
- L (h(m) ~£(w) G
2T + 2Tr — Dif (i) — Trfr(p,) R\Fy) —JL M

[62] and the total current in the system is Isp = Ioes1 + L1sa-

Egs. (36) and (37) immediately highlight a key concept: Net currents through a QD level
sy are driven by an occupation difference between the leads, described by the Fermi-Dirac
distributions, at the energetic position of the QD level. The amplitude and sign of the
current through s is determined by the magnitude and sign of fR(zy) — f.(py). A
non-vanishing difference /g (#y) — fi.(#x) # O defines a transport window, describing
the energy range where a non-zero net current flows through available QD levels located
therein, and can be achieved either by an applied voltage- or thermal bias between the left
and right lead. The resulting transport window is illustrated for a voltage- and thermal
bias in fig. 11(a) and (b), respectively, where the Fermi-Dirac distributions in the leads are
indicated by coloured areas.

32



104 Mg |
11> i
8 [N I .
~ ]! |
<C 6_ . . .
< ! i
2 4 4 11 Vep (MV): | I
-] —o0.05 |
24 I =1 i
0 I L
T T T T T
-20 O 200 40 60 80
Vg (MmV)
©) AT (K):
1 4 — 0.2 .
A —- 05
2:.; . b 1 P A
5 3 Vi
1
_1_ - ::
T T T T ’ T T T T T T
-20 0 20 40 60 80 -20 0 200 40 60 80
Vg (MV) Vg (MV)

Figure 12: Interplay between bias and temperature in thermally and voltage biased QDs. Current through a spin degen-
erate resonance Ip«1 + I1«2, calculated based on classical rate equations with I', g = 100 MHz, oz = 0.1

and Ec = 5meV. a) Tp,r = 100mK and varying Vgp. Inset: Calculated charge stability diagram. b)

)

Vsp = 0.1mV and varying Tp, r. ¢) Vsp = 0, T = (Ty + Tr)/2 = 2K and varying AT = T — Tyr. d
Vsp =0, AT = 0.5K and varying T.

For a voltage bias, the electro-chemical potentials of the source and drain leads, #g and gy
shift against each other, spanning open a unidirectional transport window as illustrated in
fig. 11(a) for a positive bias. In contrast to the previous qualitative discussions, the transport
windows size extends beyond eVsp = ppy — pg by several kT /R as a result of the finite
temperatures T1, and TR in the source and drain leads, smearing the respective electron dis-
tributions. The current magnitude through a QD resonance in the transport window sub-
sequently depends on the interplay of Visp and Tt, /g To illustrate this concept, the current
through the voltage biased model system Iy.s1 + 1147 as a function of the gate voltage Vg
is calculated for experimentally realistic parameters (E¢ = 5meV, I', g = 100 MHz,
ag = 0.1) in fig. 12(a) and (b). The results demonstrate that both, an increase in the
voltage bias (fig. 12(a)) and overall temperature T1, g (fig. 12(b)) independently widen the
transport window. While an increase of Vgp, however, retains the sharpness of Coulomb
peaks, an increasing T, g leads to considerable smearing of the features to the point where
for T1, r ~ Ec the coulomb blockade effect is no longer observable.
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Fig. 12(a) further illustrates that for Ec > ¢Vgp > 4T, R (red curve) the currents Iy
and 1), saturate and become independent of the temperature in the leads. In egs. (36)
and (37), this corresponds to the regime where fg ~ 1 and ff, = 0 (, = 1 and f =~ 0) for
Vgp > 0 (Vgp < 0) and if further I'y, ~ 'y, the saturation currents

et 2ellr ez - 2eilr

* 2I'g +1'g + I'r +2I't, (38)
101 — —2elLl'r o2 _ —2el'LI'r )
- I'r + 21y, - 2I'r + I,

are found for a positive (+) and negative (-) voltage bias [58]. This saturation regime is
interesting because instead of fits to Coulomb peaks with up to four free parameters (I'y, /g,
Ty /R)’ which often do not yield unique results, the problem of finding tunnel couplings
N’«<N
/-

still requires knowledge on whether the measured currents originate from a 0 <> 1 or

is reduced to a simple comparison of I . A unique estimation of I';, and I'g,, however,
1 < 2 type charge transition. In experiments clear identification of the transition type is
not necessarily trivial.

Insight into the transition type is accessible from currents observed in a thermally biased
configuration (xgp = g = ppy, T, # TR). The transport window under thermal bias has
an an energetic extent corresponding to the smearing of the Fermi-Dirac distributions and
is no longer unidirectional. Instead, fr (zy) — f1.(#y) is of opposite polarity for py > pgp
compared to g < pgp and vanishes for = ugp. The sketch in fig. 11(b) illustrates
the transport window for the case T > Ty, and conceptually visualizes how each QD
level gy yields a distinct thermoelectric current wiggle when pulled through the transport
window by variation of V. In 12(c) and (d) calculations of the thermoelectric currents
are plotted for realistic experimental parameters (compare to paper 111) and demonstrate
the interplay of the temperature difference AT = Tg — T, and the average temperature
T= (Tr, + Tr)/2. The width of the thermally induced current signal along V is found
to scale with T, while the peak amplitudes are dependent on AT. Because electrons flow
from hot to cold above pgpy and vice versa, knowing the sign of the thermoelectric current
atany given energetic QD level position relative to pqp is sufficient to immediately identify
the hot electron reservoir in experiments.

Further information about the QD system is contained in the distinct asymmetry between
the current amplitudes associated with a single level zy above or below pgpy in the trans-
port window [64]. The asymmetry is characteristically different for 0 <+ 1 and 1 <> 2 type
charge transitions and is a result of spin degeneracy: In a configuration where 1y — gy 2
kT, R transport occurs through a mostly unoccupied QD level (Pn—; > Py) [65] and
thus the overall current through the level is predominantly determined by the tunneling

process of an electron into the resonance. Fora 1 <+ 2 type transition, this process is spin se-
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lective and thus the current is suppressed compared to a 0 <+ 2 type charge transition. The
situation is reversed in a configuration where y — gy S —48TL R where the QD level
is mostly occupied (Pn—; < Py) and the current is suppressed in a 0 <+ 1 type transition
as a result of the spin selective tunneling process out of the resonance [65]. Consequently,
the thermoelectric current amplitude asymmetry in a purely thermally biased QD provides
direct access to distinguish between 0 <+ 1 and 1 <+ 2 type charge transitions and high-
lights the application of measurements under thermal bias for complementary spectroscopy
purposes.

The previous calculations demonstrate that classical rate equations are a capable tool to
quantify transport in quantum dot systems. Further details of classical rate equations ap-
plied to a single QD are provided in refs. [58, 62, 63] and for a comparable description
of transport phenomena in a serial DQD the interested reader is referred to ref. [66].
While the concept of classical rate equations is illustrative and reproduces various transport
phenomena in quantum dot systems, it can quickly become obscure for complex models.
Therefore, more general rate based descriptions, capable of describing the full time evol-
ution of the many-particle states including various higher order transport processes such
as cotunneling effects are needed. In particular, models described by so called generalized
master equations [67, 68] are applicable to quantum dot systems described by a hamilto-
nian H = Hg + Hjeaas + He consisting of terms describing the QD system, Hg, the leads,
Hleads as well as the coupling between the leads and the QD system, HC [69]. A more
generalized version of eq. (33) is then given by the von Neumann equation

zﬁEp = —[p,H] (39)

which describes a kinetic equation for the density operator p of the full system [68]. For
the purpose of studying transport in QD systems, the relevant physics is contained in the
time evolution of the quantum dot system alone and thus the problem can be simplified
by tracing out the lead degrees of freedom to obtain a reduced density operator p, =
Trieads(p) [70]. The task of finding the equation of motion, corresponding to the right
hand side of eq. (39) is, for the reduced density operator p, not necessarily trivial to solve
and there exist a variety of approximate approaches [67-69, 71] differing widely in the
choice of assumptions and complexity [70].

For instance, by restriction to diagonal elements of p, and uncorrelated transitions only,
one obtains what is known as Pauli master equation, which resembles exactly the classical
rate equation approach [68]. An expansion of the Pauli rate equation to further consider
correlated transitions by systematically including all second order terms in the tunnel coup-
ling yields the real time diagrammatic (RTD) technique, which is capable of describing co-
and pair-tunneling processes [69, 72]. The inclusion of coherences in the system, con-
tained within off-diagonal elements of p,, requires more complex treatments by so called
quantum master equations [68, 73], among other Lindblad, Redfield and von Neumann-
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Figure 13: Comparison of classical rate equations to QmeQ calculations. Calculations of I, 41, based on the classical
rate equation model compared to currents calculated using different master equation approaches implemented in
QmeQ. a) I',r = 100 MHz, Vgp = 0and Ty, = 1K, Tr = 3K. b) ' g = 5GHz, Vgp = 100V and
Tr,r = 0.1K. Inset: I't, g = 100 MHz, Vgp = 100 #V and Tr, ;g = 0.1 K. The scale in (a), (b) and the inset is
logarithmic with a linear range between 41 fA.

type approaches [67, 68, 70]. A variety of different master equation approaches are im-
plemented in the open source python package QmeQ (short for Quantum master equa-
tion for Quantum dot transport calculations) [74] with the possibility to further include
electron-phonon coupling effects [75]. The Pauli rate equation approach via QmeQ is used
extensively for the simulations in paper 111 and to illustrate transport concepts in this thesis.
Relevant parameters for simulations shown in this thesis are detailed in the appendix.

Because the simple model based on classical rate equations presented here is used to fit
experimental data in papers 11 and 111 a comparison to more advanced master equation ap-
proaches is of interest. Therefore, fig. 13(a) compares thermoelectric currents for parameters
comparable to those most demanding for the model found in paper 111, calculated by clas-
sical rate equations as well as Pauli master equations and RTD with QmeQ. The results
confirm that the inclusion of higher order effects does not lead to deviations between RTD
and classical rate equations for parameters present in the experiment. Deviations between
RTD and the more simple models become clear when the tunnel couplings are increased
from I't,)g = 100 Mhz to I'y, ;g = 5 Ghz in fig. 13(b), where voltage bias driven currents
calculated by RTD show significant cotunneling in the Coulomb blockaded gate range. In
contrast, for I'r, ;g = 100 Mhz (see inset) the magnitude of cotunneling currents is found
to be in the single digit fA range, which is around two orders of magnitude lower than
the noise floor in experiments. Consequently, the simple classical rate equation model is
deemed sufficient to fit experimental data for temperatures and tunnel couplings. Finally,
it should however be noted that while first order calculations yield good results for charge
currents, lifetime broadening and cotunneling effects are highly relevant for the accurate
calculation of energy currents [76]. For instance, this becomes relevant for efficiency estim-
ates of the thermoelectric power generation in quantum dot devices, where knowledge of
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the heat current is required and lowest order classical rate equations no longer give realistic
results [65, 76, 77].
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Design of nanowire based quantum
dot systems

Up to this point in the thesis, the conceptual introduction of transport through QDs clearly
demonstrates a key ability of such systems: Individual electrons (or holes) can precisely
be controlled and shuffled between QDs, thus giving direct access to quantum mechan-
ical properties and phenomena. Consequently, QD systems provide promising platforms
for fundamental research as well as quantum electronic and spintronic applications and
have gained tremendous popularity within the nanoscience community[4—6, 78]. With
modern-day nanofabrication capabilities [79] experimental realizations of electronic QD-
based devices are available in a vast variety of materials and conceptual designs adapted for
numerous different applications. These device implementations range from lateral QDs
based on two-dimensional electron and hole gases in planar heterostructures [80, 81] and
material confined [82—85] as well as electrostatically defined QDs in nanowires [86] to single
atom transistors [87, 88]. Other prominent examples include self-assembled [89—92] and
vertical [93] QDs, molecular junctions [94—96] and donor defined QD regions in silicon
[97, 98]. A complete list or detailed discussion of the numerous approaches to the design
of QD systems, however, could fill a thesis of its own. For the interested reader, the review
articles in refs. [6, 99—101] are recommended as a starting point for further information
beyond the scope of this chapter.

Three common building blocks are required across the various different devices: (1) The
QD system itself, which can be vastly different, depending on the device purpose. This
QD system can contain among other single- or numerous serial- [102, 103], purely coulomb
coupled- [104] as well as parallel tunnel-coupled QDs [105, 106] or hybrid systems between
the aforementioned [107]. (2) Electron (or hole) reservoirs, serving as source and drain
contact, tunnel coupled to the QD system. (3) An electrostatic gate structure in close
spatial vicinity to the QDs to individually address each QD in the device and to optionally
tune the tunnel couplings between the QDs as well as between the QDs and the contacts.
In this thesis, only III-V semiconductor nanowire based serial QD systems are explicitly
discussed and some of the devices include, in addition to these building blocks, means to
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Figure 14: Device layout and dimensions. Schematic illustration of device dimensions with relevant components labelled.
Panels on the left side are based on a real device. Panels on the right side are for illustrative purposes only and come
from different devices.

locally introduce heat.

The basic dimensions and layout of the devices discussed in this work are introduced in
fig. 14. Devices are fabricated on a silicon-based device chip, which is glued and wire bonded
to a 14-pin chip carrier. This chip carrier is compatible to various measurement setups,
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including the sample mount for an Oxford Instruments Triton 200 dilution refrigerator as
shown in fig. 14. The device chip consists of a degenerately n-doped silicon substrate, which
together with a gold back contact serves as a global backgate to all individual nanowire
devices on the chip. A thermally oxidized 100 nm thick SiO, layer electrically insulates
the backgate from the nanowire device circuits. On the surface, the device chip contains
ten 100 zm X 100 #m write fields, each surrounded by 12 gold contacts leading to bond
pads. The write fields contain coordinate markers used to identify and connect nanowires
located therein to the bond pads. Within each write field individual devices are located: A
II-V semiconductor nanowire, hosting the QD system, is contacted by a source and drain
electrode and surrounded by gate- and optionally heater structures designed to explore
specific research questions. The smallest dimension to be considered for devices is finally
the material structure of the nanowire itself.

Nanowires are defined as high aspect ratio structures with two dimensions (in the following
referred to as diameter) on the nanometer scale and lengths of up to tens of micrometers.
For diameters sufficiently small to introduce quantum confinement, these structures act as
one-dimensional conductors and thus bring ideal properties for the relative simple realiz-
ation of QD systems. Two viable approaches exist for the fabrication of semiconductor
nanowires: In a top-down approach, a larger block of semiconductor material is etched to
nanowire dimensions. This can result in surface defects and non-uniformity, which play
an important role in nanoscale structures with a high surface-to-volume ratio [108]. Thus,
the group III-V semiconductor nanowires discussed in this work are grown by controlled
crystallization using epitaxy [108], a bottom-up approach, based on the vapour-liquid-solid
(VLS) mechanism [109)].

The VLS nanowire growth is seeded by liquid gold particles, deposited on a suitable sub-
strate and introduced to a controlled precursor molecule atmosphere in either a chemical
beam epitaxy or a metal organic vapour phase epitaxy reactor [110]. The gold particle then
catalyses the decomposition of the precursor molecules in the gas phase, absorbs the ele-
ments and ultimately forms a supersaturated liquid alloy [111]. Then, atoms are expelled
from the seed particle and nanowire growth is initiated and maintained [110, 111]. Ad-
vantages of epitaxial nanowire growth are, aside from the high crystalline quality, access
to both wurzite (WZ) and zinc-blende (ZB) crystal structures for many III-V materials
[108], enabling the formation of homostructures, as well as the ability to combine lattice
mismatched materials to form both radial and axial heterostructures, which may not be
available in planar structures [99, 112]. The nanowires discussed in this work were grown
by collaborating material scientists in Lund and in Pisa. The following sections introduce
the necessary considerations and techniques for the design and fabrication of nanowire
quantum dot devices.
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s Device design considerations

In this work, three main components are considered for the device layout: (1) The im-
plementation of the QD system itself, (2) the gate structure and (3) an optional heater
structure, for which trade-offs between flexibility, the available degree of control over ex-
perimental parameters and simplicity are discussed in detail in the following. Because the
gate and heater structure need to be designed around the QD’s requirements, the specific
QD system implementation is considered first. The quasi one-dimensional nature of the
nanowires (in this work: diameters between 35 nm and 50 nm) only requires the introduc-
tion of additional confinement of the free electron motion along the axial direction of the
nanowire via tunnel barriers in order to form a serial QD system [99]. Tunnel barriers are
formed by means of epitaxially defined heterostructures, electrostatic gating or by Schottky-
barriers at the contact metal-semiconductor nanowire interface for certain materials. Single
QD devices based on these concepts are shown in fig. 15.

Epitaxial tunnel barriers (for the nanowires used in this thesis) are defined by heterostruc-
tures in the form of thin InP segments grown into otherwise InAs nanowires. Because
of an approximately 600 meV conduction band offset between InAs and InP [112] suffi-
ciently thin InP segments act as tunnel barriers within the nanowire. The combination of
two closely spaced InP segments then results in a QD forming in the enclosed InAs segment
— an elegant approach developed in 2002 [112]. The high quality, sharp material trans-
itions in the heterostructures give well defined, box-shaped potential barriers, which can
be grown in a highly symmetric manner, thus coupling the QD to the source and drain
leads with a near ideal symmetry [113, 114]. Further, the barrier thickness is controllable
with single digit nanometre precision and close axial placement is possible to introduce
strong quantum confinement along the axial direction in the enclosed InAs segment. An
exemplary device is shown in fig. 15(a) and illustrates the simplicity of epitaxially defined
QD devices: Because the QD implementation is completely integrated in the nanowire
the only additional required device components to define and control a SET are electrical
(ohmic) contacts to either side of the InP barrier structure as well as a global backgate.
This simplicity however comes at cost of control over the tunnel couplings. Barrier height
and width are widely fixed and limited direct control over tunnel couplings can only be
achieved by complex reordering of QD orbitals [115] or indirectly by operating the device
at higher QD occupations, effectively reducing the barrier height [84, 85].

Electrostatically defined QDs in nanowires, on the other hand, enable simple and direct
control over the barrier height and thus also the relevant tunnel couplings. An exemplary
single QD device is shown in fig. 15(b). For the electrostatic definition of QDs, barriers are
formed in homogeneous nanowires by means of local barrier gate electrodes, capacitively
coupled to the nanowire and biased such that electrons (or holes for p-type devices) are
repelled in the direct vicinity of the barrier gate electrode (labelled BL and BR in fig. 15(b)).
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Figure 15: lllustration of different QD implementations. (a) Epitaxially defined QD in a InAs/InP heterostructure nanowire.
(b) Electrostatically defined QD in an InAs nanowire. (c) Schottky-barrier defined QD in a p-type GaSb nanowire.

The coupling between the QD and its leads is then controllable directly by variation of the
barrier gate voltage without the necessity of changing the QD occupancy [86]. Further, the
QD can, depending on the gate placement, be arbitrarily positioned along the nanowire
axis [86, 116]. Capacitive control over the electro-chemical potentials of the QD in such
systems requires a local gate electrode, referred to as plunger gate (labelled PG in fig. 15(b))
as use of a global backgate would interfere with the barrier gates and hinder the possibility
to precisely control tunnel couplings. In direct comparison to epitaxially defined QDs,
electrostatically defined potential barriers are less sharp and the axial QD dimension are
often larger and limited by the resolution of the gate-defining lithography process. The QD
dimensions, however, directly relate to the single-particle energy scale and thus quantum
effects may become harder to resolve in experiments for larger QDs.

Schottky barriers, which may form at the interface between the certain metallic contacts to
the semiconductor nanowire are employed as a third method to define QDs for experiments
presented in this thesis. If Schottky contacts are placed at a sufficiently narrow distance,
the enclosed, electrically insulated nanowire segment forms QD states. Given the right
interplay between the barrier height and width, the electron temperature in the system as
well as the QD occupation, the QD can be tunnel coupled to the metallic contacts with
an adequate coupling strength to resolve currents in experiments. This method exerts the
least amount of control over the barrier and QD parameters and comes with significant
constraints on the device design as is discussed in detail in paper 1 and further detailed in
section 7. For the GaSb nanowires characterized as part of the experimental work discussed
in the next chapter, Schottky barriers are prominently present in low temperature transport
experiments. Thus employing Schottky barriers to define QD systems is the default for
GaSb nanowire devices [117]. A simple single hole transistor (SHT), which makes use of

43



the global backgate and a Schottky-defined QD in a GaSb nanowire is shown in fig. 15(c).

Equally important to the design of single QDs is the definition of more than one QD in
series, for instance to obtain a DQD, which remains in principle possible with all three
approaches. While for electrostatically defined barriers, the implementation of multiple
QDs is straight forward and only requires additional plunger- and barrier gates, the device
design becomes more complex for the remaining approaches. Where previously no gate
structures were required in the write-fields, a global backgate alone no longer suffices to
provide individual control over several QDs. In the case of Schottky-contact defined outer
barriers, the separation of the enclosed nanowire segment into two (or more) QDs neces-
sitates the introduction of both, an electrostatic barrier via a barrier gate as well as separate
plunger gates for the individual QD nanowire segments. Thus, careful consideration of the
contact-to-contact distance and choice of gate architecture is required for the QD segments
to remain short, placing strict constraints on the device design. For epitaxially defined serial
QD systems in InAs nanowires, in principle additional InP segments can directly be intro-
duced during nanowire growth. Individual gating of the resulting epitaxial QDs, which
entails gate electrodes aligned with each QD, is challenging: Thin InP barriers are not vis-
ible in regular scanning-electron micrographs and precise gate alignment with the QDs is
not trivial. The problem is solvable for example by the use of epitaxial markers to visu-
alize the barrier locations, for instance by selective shell growth [85], but introduces more
complexity to both the nanowire growth and the device fabrication process. An alternative
solution is the placement of various gate electrodes in the vicinity of the estimated location
of the serial QD system in the nanowire. While the latter approach remains easy to handle
from a device processing point of view, device characterization requires the identification
of selected gates which couple sufficiently different to each QD for individual capacitive
control. Thus, often significant cross coupling between gates and QDs is introduced due
to misalignment and success can vary from device to device.

The previous considerations highlight that a global backgate alone does not provide a de-
sirable degree of control over nanowire-based QD devices outside the most simple single
QD geometries. Consequently, more advanced localized gating approaches which fulfill
the requirements for different QD implementations and with the capability of addressing
individual nanowire segments separately are needed. Aside from intuitive side-gates, local
gating of nanowires is possible by bottom- [86], top- [116], and wrap-gate [118-120] elec-
trodes. The latter two approaches involve the deposition of an insulating gate-oxide layer
on the nanowire surface, which may change the opto-electronic behavior of the system. In
this thesis, side- and bottom-gate structures are used and exemplary devices are shown in

fig. 16(a) and (b), respectively.

Local side-gates are either distributed asymmetrically (see fig. 15(b)) or symmetrically around
the nanowire to increase the capacitive coupling to the nanowire (see fig. 16(a)). Both ap-
proaches remain simple from a device-fabrication point of view as the gates can be designed
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gate stripes

Figure 16: Illustration of side- and bottom-gates. a) Symmetrically side-gated, Schottky-contacted GaSb nanowire. The
outer gates act as plunger gates (PGL, PGR), the middle gates as barrier-gates (BG). b) Bottom-gated InSb nanowire
with 7 active gates. Inset: Device cross-section.

and deposited around a nanowire located at an arbitrary location within the write-fields.
This gating approach, however, comes at considerable drawbacks: First, the capacitive
coupling to the nanowire remains relatively small and gate electrodes need a sufficient metal
thickness, in turn limiting the resolution of the lithographic gate definition and the ability
to shrink the gate dimensions. Second, owed to the open design in vicinity of the nanowire,
cross-talk between even distant gates is not well screened leading to cross-coupling between

different gates and QD:s.

Bottom-gated devices, fig. 16(b), are more complex to fabricate. First, gate arrays are defined
in the write-fields and covered by an 8 nm HfO, gate oxide layer. Next, nanowires must be
deposited atop the gate arrays in an intricate alignment process. Finally, the nanowire and a
selection of the gates are electrically contacted and connected to the bond pads on the device
chip. The reward for the fabricational complexity arrives in the form of various advantages
compared to a side-gate design: The capacitive coupling is found to be increased by up to
ten-fold, the gate electrodes can be more densely packed as a consequence of the reduced
metal thickness (around 10 nm Ti/Au) and non-neighbouring gates are efficiently screened
by the in-between gate stripes. The latter significantly reduces cross-coupling effects in
measurements on serial QD systems.

An additional device component, which is necessary to conduct thermally biased experi-
ments on QD systems, is a local heating element. For the specific experiments discussed
in papers 11 and 111, it is essential that the heating element can (1) introduce a temperature
difference between the electron reservoirs coupled to the QD system and (2) introduce a
temperature difference such that the phonon temperature at the precise location of a DQD,
in the following referred to as the phonon reservoir, is elevated compared to the electronic
temperature of the contact electron reservoirs. Thermal biasing of QD devices brings sev-
eral requirements for a heating technique to be viable as detailed in refs. [121, 122]. First,
the heater design must be compatible to the gate architecture and biasing of, as well as
current measurements through, the QD system. Second, in order for QD features to re-
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Figure 17: Illustration of different heater designs. a) Side heaters. b) Top heaters. c) Bottom-heaters. The heater electrodes
are false-colored.

main resolvable in electrical measurements, the heat supply should operate at sufficiently
small heating powers to maintain low average electron temperatures in the QD’s electronic
circuit. Finally, the heat should be applied in a highly local manner such that unheated
reservoirs remain close to the cryostat base temperature and the temperature difference to
the heated reservoir is maximized. A comparison of common heater designs is found in
ref. [121].

Conceptually, two different heating techniques can be distinguished: Heat can be supplied
directly to the QD’s electronic circuit by an internal heating mechanism or externally, de-
coupled from the QD’s electronic circuit via a nearby Joule-heater electrode. Internal heat-
ing is achieved by running a current through one of the device contacts, which in turn
heats the electrons in the reservoir via electron-electron interactions [123, 124]. While this
method is particularly suitable for low temperature experiments because it only requires
minimal heating powers [121], it interferes with voltage biasing of the device [123] and is
not designed to raise the temperature of the phonon reservoir above that of the electronic
reservoirs.

Consequently, for the work presented here only external heating concepts were viable,
which are based on currents flowing through Joule-heater electrodes. These Joule-heaters
deposit most of the applied heating power at the point of highest resistance, controlled by
defining the narrow-most electrode segment and are traditionally designed in a side-heater
[125] geometry, shown in fig. 17(a). By alignment of a side-heater electrode with a DQD,
paper 11 demonstrates that it is possible to heat the phonon bath in the vicinity of the DQD
more than the electron reservoirs. Side-heaters, however, act rather globally, introduce sig-
nificant heating to the substrate, thus requiring larger heating powers [121] and the presence
of a large heater electrode can interfere with local gating [126]. A more local version of ex-
ternal heating with a top-heater design was introduced by Gluschke et al. in 2014 [121],
where the heater electrodes are directly placed on top of the nanowire contacts, electrically
insulated by an oxide layer. This approach has been demonstrated to offer ideal conditions
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for the localized heating of contact electron reservoirs and thus the thermal biasing of single
QD devices [77, 121]. In contrast to a side-heater geometry this design again cannot fulfill
the need to supply heat mainly to the phonon bath. An exemplary, top-heated device is
shown in fig. 17(b).

In paper 111 an alternative heater design is introduced, where the heating element is directly
integrated with a bottom-gate design: Selected gate stripes are connected on both ends and
thus can be operated as local Joule-heaters. By applying the heating bias, used to drive
the current through the gate stripe symmetrically around the gate potential required for
the gating of the nanowire, both gating and heating remain simultaneously possible. This
merged bottom heater and gate design combines the advantages of top-heater designs with
the ability to introduce highly localized heat at near arbitrary locations of the QD system or
below the metallic contacts to reproduce the top-heater functionality. Furthermore, if the
QD system is electrostatically defined, the heat sources are naturally perfectly aligned with
the QDs. An exemplary bottom-heated device is shown in fig. 17(c) and further details are
discussed in section 9.

6 Principles of nanowire device processing

The fabrication process for devices in this work follow a simple scheme: Nanowires are
either randomly dry-distributed within the write fields of an empty device chip or aligned
with pre-defined bottom-gate arrays using a micromanipulator. The coordinate markers in
each write field, see fig. 14, are then used to identify the exact position of suitable nanowires
and the contact, gate and possible heater architecture are designed and transferred onto
the write-field. The fabrication steps can essentially be broken down to a modular, layer-
by-layer fabrication scheme which is illustrated in fig. 18. Each modular layer consists of
an electron-beam lithography (EBL) defined metallic pattern, electrically insulated by a
dielectric from structures belonging to different layers. Details of the process parameters
and flow required to reproduce the above discussed gate and heater structures are given
in the appendix and for a detailed description of the different nanofabrication techniques
readers are referred to ref. [127].

The basic process to define a layer, consisting of metallic structures within the write fields,
is simple: The device chip is spin coated with a positive, electron-beam (e-beam) sensitive
resist. The pattern, intended for transfer onto the write-field is then exposed to an electron
beam, which causes a change in the chemical structure of the resist, increasing its solubility
by a developer chemical as compared to the non-exposed resist. During the subsequent
resist development, the e-beam exposed resist areas are removed, uncovering the device
chip’s surface. Next, thermal metal evaporation is used to metallize the sample surface and
by following with a lift-off process, removing the resist and metal deposited thereon, metal
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Figure 18: Schematic illustration of the modular device fabrication scheme. Modular layers are fabricated using a com-
bination of electron beam lithography (EBL), thermal metal evaporation and a lift-off process, see top panel. Modular
layers are separated by an insulating oxide layer deposited via atomic layer deposition (ALD). To connect to lower
layers, the insulating oxide can either only be deposited in an EBL defined window or ion milled at selected locations.

remains only in the EBL defined patterns.

For device architectures requiring an additional layer, for instance top heaters or the nanowire
device circuit defined atop of bottom-gate arrays, electrical insulation is necessary. This is
achieved by depositing a dielectric HfO, oxide layer using atomic layer deposition (ALD),
a process during which the sample surface is exposed to sequential flow of precursor gases,
initiating a molecular layer-by-layer oxide growth. The deposition of an oxide layer covering
the complete device chip surface, however, prevents the subsequently fabricated metallic
structures to be electrically connected to patterns in a lower layer, which is important to
connect to bond pads. Consequently, openings in the insulation layer are needed. In this
work, two different approaches are used to define openings as illustrated in fig. 18: (1) After
continuous ALD oxide coverage of the device chip surface, select areas are exposed to a
focused argon ion beam, milling through the HfO; layer. With the correct dose, the argon
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milling process enables the opening of windows in the dielectric layer without milling the
underlying metal. (2) Alternatively, the HfO, layer can be deposited only in select areas.
Therefore, first an EBL step defines a so called high-k window and with a subsequent ALD
process combined with resist lift-off the dielectric remains only in the desired area on the
chip surface.

Repetition of the modular layer fabrication and electrical layer insulation process, as out-
lined above, allows the definition of arbitrary metallic, stacked structures within the device
chip’s write fields, including the electrical contacts to individual nanowires. Before nanowire
contacts can be metallized, however, an additional crucial fabrication step is required. After
removal from the growth reactor, semiconductor nanowires oxidize and form a surface nat-
ive oxide layer, which prevents electrical contact to the semiconductor material. Thus, the
native oxide must be removed before contact metallization. In this work, InAs and GaSb
nanowires are contacted and their respective oxide etching procedures differ drastically.
For InAs nanowires ohmic contacts can reliable be formed by a chemical self-terminating
surface etch and passivation process based on ammonium polysulfide water solutions [128].

The oxide removal process for GaSb nanowires is less developed. Here, one challenge is
the material’s sensitivity to water exposure [129], as illustrated in fig. 19(a) and (b): A 10-
minute dip in water suffices for the near complete decomposition of the nanowire’s GaSb
segment, while the Au seed and the InAs stem remain visibly unaffected. Consequently,
many common chemical etchants, which are dissolved in water, result in damage to the
GaSb nanowire surface and poor electrical contact. Instead, alcohol diluted etchants are
applicable and hydrogen chloride in 2-propanol has been demonstrated to offer digital etch
properties for GaSb nanowires [129, 130].

In this work, a dip in a 1.25 M hydrogen chloride — 2-propanol solution followed by a
2-propanol rinse is used directly prior to the contact metallization for the oxide removal.
Fig. 19(c) and (d) show contacted, nominally undoped nanowires after a 90 and 60 second
etch, respectively. The scanning electron micrographs indicate that for too long etch times,
visible thinning of exposed nanowire segments occurs, deviating from a digital etch regime.
Because the contact resistance is found to decrease with increasing etch times, a 6o second
etching step is considered ideal for nominally undoped nanowires. It should be noted
that although alcohol-based etchants significantly enhance the contact quality compared
to aqueous solutions, the ideal process time can vary for the individual nanowires, possibly
dependent on the diameter or dopant concentration as well as the contact spacing, and
thus over-etching cannot always be avoided. For the zinc-doped GaSb nanowires used in
paper I an optimized oxide etch time of 35 s is found.

As a result of the expected Fermi-level pinning in the valence band for p-type GaSb, all
metals are expected to result in ohmic contact, which has been demonstrated for Ni/Au,
Pt/Au, Ti/Au and Pd/Au biliayers on bulk GaSb [131]. For nanowires, the lowest contact
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Figure 19: GaSb native oxide removal. (a/b) Undoped GaSb nanowire before (a) and after (b) a 10 minute H,O dip. (c/d)
Contacted, nominally undoped GaSb nanowire after a (c) 90 s and (d) 60 s HCI:IPA etch. (e) Temperature depend-
ent two-probe current, (f) room temperature nanowire conductance and (g) low-temperature Coulomb oscillations
measured on backgated GaSb nanowire devices.

resistances are found for Pd contacts [132], which however degrade rapidly over time. Thus,
in this work, Ni/Au contacts are used. At room temperature, the outlined contact method
results in ohmic behaviour. Backgated devices can thus be operated as field-effect transist-
ors, which is shown by demonstrating the gate-dependent conductance in fig. 19(f) for a
GaSb nanowire. As the temperature is decreased, see fig. 19(e), devices appear to freeze out
around 130 K. Currents are still detected down to millikelvin temperatures in a sufficiently
negative gate regime, but as a function of the backgate voltage Vg now exhibit distinct
Coulomb oscillations if contacts are closely spaced. The device is thus operated as a single
hole transistor. The observation of Coulomb oscillations, plotted in fig. 19(g) at 4.2 K, is
characteristic for QD formation and indicates the presence of barriers at the contacts. Con-
sidering that for over-etched nanowires residual oxide layers are unlikely, these barriers are
attributed to Schottky contacts, which could not be avoided in the experiments presented
here.

Further optimization of the etching process could be beneficial. Here, near ph-neutral
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aqueous buffer oxide etcher (BOE) [130] and in-situ N2 plasma cleaning [133] or argon
milling as is commonly applied to contact InSb nanowires [134] are promising alternatives.
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Towards p-type GaSb spin-orbit
qubits

Serial double quantum dots have, since the late 1990s, been in the extensive focus of ex-
perimental efforts to realize semiconductor-based solid state quantum bits or qubits, the
fundamental building block of a quantum computer. In contrast to classical computers,
which operate on information stored in classical states and represented by binary digits
(bits), a quantum computer operates on quantum information. A bit defines the smallest
unit of information and can take a value of o or 1 [135]. This information is physically
encoded through a network of transistors and the o and 1 states are defined by the output
current or voltage of each physical bit. During a computation process, the value of each
bit can be individually changed by logical operations. Consequently, at any given point in
time n bits can be described by a list of n numbers, each either o or 1 [135].

A qubit on the other hand is physically implemented in form of a quantum mechanical two-
level system (TLS) with clearly distinguishable states |0) and |1). The advantage of a TLS
is rooted in the possibility to form superposition states 2 |0) + & |1), where the amplitudes
aand 4 directly relate to the probability of finding the TLS in the state |0) or |1). Although
both the initialization and read-out of a qubit state is only possible in either the |0) or |1)
state, thus resembling exactly the information stored in classical bits, logic operations can
be performed on superposition states of entangled qubit systems. Consequently, during a
computation step the description of n entangled qubits requires 2" complex numbers —
a concept enabling quantum parallelism [135] which allows quantum computers running
clever algorithms to tackle selected problems that are out of reach for classical computers
[136]. These principles of quantum computing pose stringent requirements for the physical
implementation of qubits [135, 137]. First, the TLS have to be sufficiently decoupled from
their environment to coherently remain in a well defined state for a period of time longer
than the duration of logic operations. Second, qubits must be strongly coupled to one
another to allow for entanglement and information transfer. Finally mechanisms for the
controlled initialization, manipulation and read-out of the TLS states must be available

(135].
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Figure 20: Schematic illustration of the operation cycle of a spin-orbit qubit.

This is where DQDs come in: Because a DQD enables precise, individual control and con-
finement of single charge carriers it is naturally possible to define and control various TLS
implementations. One such TLS is defined by the two charge states of a DQD populated
by a single charge carrier, |L) and |R), differing only in which QD is occupied [138]. These
so-called charge qubits are controlled, initialized and read-out purely by elements (gates
and charge sensor) capacitively coupled to the DQD [139] and are based on the principle
of shifting the weight of the wavefunction of molecular states between the two QDs. A
drawback of charge qubits, however, is their sensitivity to the DQDs charge environment,
which can result in short coherence times.

A more robust implementation of a qubit was suggested by Loss and DiVincenzo in 1998
and uses the natural TLS defined by the spin state of a charge carrier confined to a QD [9].
Here, the spin up |1) and spin down ||} states define the so-called spin qubit and the first
experimental spin state initialization and measurement was based on Zeeman-split levels
in a single QD [140]. Today, DQDs are commonly employed for the implementation of
spin qubit because PSB provides the tools to initialize or read-out spin state with relative
ease and high fidelity [141, 142] and spin qubits exist in various closely related forms (single
spins, singlet-triplet, spin-orbit, g-tensor modulation and exchange-only qubits) [143].

Figure 20 illustrates the operation cycle of a spin-orbit qubit based on a DQD with a spin-
up electron permanently trapped in the left QD [144]. A constant magnetic field is applied
to the system to lift spin-degeneracy. To prepare a |1) state in the right QD, the DQD is
idled in a PSB regime to initialize a parallel spin configuration between the two electrons
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on the DQD [145]. Conversely, if in the same level configuration a transition from the
right to the left QD is observed, this indicates a |]) state of the qubit and thus PSB enables
high fidelity qubit initialization and read-out.

For the manipulation of the spin state, the DQD is tuned into a Coulomb blockade (CB)
regime to confine the electron to be manipulated in the right QD. A controlled rotation
of the qubit state within the Bloch sphere is then commonly induced either by application
of an ac magnetic field via electron spin resonance (ESR) [146] or by an ac electric field
via electric dipole spin resonance (EDSR) [147, 148], which act on the spin. ESR requires
relatively large power which dissipates, possibly resulting in heating effects, and acts on
large scales compared to typical device dimensions. Addressing individual qubits with ESR
is thus challenging. EDSR on the other hand uses ac electric excitations which can directly
be supplied by a gate in a low-power and localized manner (see fig. 20), but requires a
strong link between the electron’s spin and momentum [145]. A link between the spin
and momentum of a charge carrier is naturally present in systems with strong spin-orbit
coupling [148] or can be artificially induced by micromagnets introducing a local magnetic
field gradient across the DQD [149]. In such systems, an EDSR pulse results in a periodic
displacement of the electron’s wave function [144] which in turn results in a controlled spin
rotation if the frequency matches the Larmor frequency [145].

The above outlined principle-of-operation of a spin-orbit qubit defines ideal properties for
the qubit’s host material: large ¢ factors lift spin degeneracies at small magnetic fields and
in combination with strong intrinsic spin-orbit interactions enable fast spin manipulation
and high Rabi frequencies [143]. Another stringent requirement relates to the time scale on
which the spin orientation is maintained, which has to significantly exceed the time needed
for spin manipulation during logic operations [10]. The fidelity of spin-based qubits is re-
duced by spin relaxation or dephasing processes, leading to a loss of control over the qubit.
Notable mechanisms reducing the spin coherence times are electrostatic charge fluctuations
or coupling to nuclear spins in the qubit’s environment [138, 143]. Strong spin-orbit inter-
actions couple the spin to it’s charge environment and in combination with electrostatic
fluctuations or phonon-mediated processes result in an EDSR-like process and spin deph-
asing or relaxation [143, 145, 150]. Consequently, spin-orbit coupling introduces a trade-off
between fast control and the fidelity of spin-orbit qubits.

Nuclear spins in the DQD’s host material interact with the spin of charge carriers confined
to the DQD via hyperfine interactions, which in turn leads to spin dephasing [1s1]. This
dephasing process can be tackled by using isotopically pure group IV semiconductors to
minimize the number of nuclei with non-zero spin [138, 143]. Another approach to reduce
the hyperfine interaction mediated dephasing makes use of hole- instead of electron spins in
p-type DQD devices. Hole spins, due to the predominantly p-orbital Bloch wavefunctions
in the valence band, experience vanishing contact hyperfine interaction [152], promising
improved qubit fidelity. This concept has in recent years sparked interest in p-type QD
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systems and led to various qubit demonstrations. Here, encouraging results have been
achieved in the Si and Ge material systems, which further benefit from an enhanced spin-
orbit interaction for holes as compared to electrons [ro1]. For a detailed introduction and
summary of recent work the interested reader is referred to the reviews in refs. [101, 138, 143].

III-V semiconductor nanowires are another interesting material platform for DQDs and
spin-orbit qubits have been successfully demonstrated in n-type InAs [145] and InSb [153].
These qubit implementations benefit from large g factors [154, 155] and spin-orbit coupling
[156, 157], which enable rapid spin control [10]. In zinc blend InAs and InSb nanowires,
Campos et al. [158] suggest that the application of an external electric field can enhance the
spin-orbit coupling significantly and further impacts the orientation of the spin-orbit field.
Although only a fraction of an external electric field is expected to transmit into nanowires
[159], indications of a link between the orientation of the spin-orbit field and gate-induced
electric fields have been reported [157, 160, 161]. Enhancement-mode nanowires allow for
electric fields to be engineered because plunger- and barrier gates require opposite voltage
polarities and for nanowires clever, three-dimensional gate architectures are possible. This
combination could provide a path for all-electrical manipulation of the spin-orbit field
in III-V semiconductor nanowires [160]. Such devices have the potential for faster spin
control and higher qubit fidelities, achieved by alignment of the spin-orbit field with an
external magnetic field [145, 161].

While based on the III-V semiconductor material platform, n-type QD systems are today
commonly studied in literature, significantly less effort is devoted to p-type devices. To
date, the only reported p-type III-V nanowire spin qubit is realized in ambipolar InSb
[162]. Another interesting and naturally p-type III-V nanowire material is GaSb. On pa-
per, GaSb has the highest hole mobilities in the III-V family [163] and high hole mobilities
up to 1028 cm?V~!s™! have been indeed been reported in ref. [164]. At low temperat-
ures, ohmic contacts to GaSb have, however, only been achieved to planar GaSb quantum
wells [165]. The realization of GaSb nanowire QD systems in nanowires thus proves to be
experimentally challenging. To date, QDs in GaSb nanowires have only been realized via
closely spaced Schottky contacts [117] or by providing electrical contact through in InAs
shell [166] making use of a broken bandgap alignment in GaSb/InAs core-shell nanowires

(167].

7 Summary: Paper I

Here, the study presented in paper 1 comes in and aims to overcome the challenges asso-
ciated with the design of high quality QD devices in Schottky-contacted GaSb nanowires.
We employ bottom-gates, a common gate architecture for the electrostatic definition of
QDs in nanowires, and probe the formation of single- and serial multi-QD systems in en-
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hancement mode GaSb:Zn nanowires. We further study the magneto-transport properties
of a single QD and extract g factors as well as spin-orbit energies. The results of paper 1 are
summarized in figs. 21 and 22.

(a) (c)

-3.30 8
7
-3.35 6
5 —_
<
-3.40 4 £
8
3
-3.45 2
1
-3.50 0

-3.50 -345 -340 -3.35 -3.30
Va2 (V)

Figure 21: Gate control of GaSb nanowires. a) Scanning electron micrograph of a Schottky-contacted GaSb nanowire atop
5 underlying bottom-gate stripes g1-5 (device A). b) Measurement configuration for panel (c) (red) as well as a test
configuration (blue) to probe a QD formed atop g3. ¢) Charge stability diagram in the red measurement configuration
in(b)at Vsp = 1mV and Vgg = —10V. Adapted from paper 1.

Figure 21 demonstrates a key challenge, which we identify, for the electrostatic definition
of multi-QD systems in GaSb nanowires: Gates act on the nanowire only in their direct
vicinity and can induce conductive islands, while gaps in gate arrays result in the uncon-
trolled formation of barriers in the axial nanowire direction. This can be seen based on
device A, shown in fig. 21(a), which consists of five gate stripes, gl-5 underneath a Schot-
tky contacted GaSb:Zn nanowire. By design, g1 and g5 are placed beneath the source and
drain contacts to control the tunnel coupling through the Schottky barriers. G3 is intended
as barrier gate to split the Schottky-defined GaSb segment into two separate, a left (L) and
a right (R) QD for which g2 and g4 serve as plunger gates.

In practise, we find that in any gate configuration where currents can be detected, see
fig. 21(c), triple QD features are present [103] and no control over the interdot coupling
regime is achievable in what should be a standard DQD configuration. This behaviour
indicates that in order to obtain a detectable current across the QD system, the voltage
applied to g3 has to be set sufficiently negative to form a third (M) QD. We find additional
evidence by testing different measurement configurations, outlined in fig. 21(b) and further
show that g1 and g5 can induce additional QDs underneath the metallic nanowire contacts.
We believe the suppressed gate control to be the result of a combination of the low mean free
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paths for holes (see supplemental material, paper 1) in our nanowires and possibly surface
trap states that may efficiently screen the nanowire’s core from the gate potential.
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Figure 22: g factors and spin-orbit energy in GaSb QDs. a) QD charge stability diagram. Inset: Schottky contacted GaSb
nanowire with one gate stripe enclosed by the contacts (device B). b) Ground state (GS) Zeeman splitting along cutline
i. ©) Zeeman splitting and avoided crossing along cutline ii. d) GS and excited state (ES) g-factors plotted against
the effective occupancy p. Inset: Fit to the splitting extracted from (b). e) Fit to the states in (c). The differential
conductance in (a-c) is limited for better visibility of all relevant features. Adapted from paper 1.

Based on these findings we transition to a simplified device geometry (device B, see in-
set fig. 22(a)), which consists of only three gate-stripes underneath a Schottky-contacted
GaSb:Zn nanowire. Again, gl and g3 are placed underneath the contacts and a high posit-
ive voltage is applied to the backgate and g1, 3 which allows to form a clean single QD by
application of a negative voltage to g2. The resulting charge stability diagram of the QD is
shown in fig. 22(a). We then apply a magnetic field perpendicular to the sample plane and
study the differential conductance along cutlines for different effective occupancies of the
QD. We find Zeeman splitting (see fig. 22(b)) and in some cases identify avoided crossings
as a result of spin-orbit coupling induced state mixing (see fig. 22(c)). This allows to extract
¢ factors, which range from almost vanishing up to |¢"| = 2.9 £ 0.2, see fig. 22(d), and a
spin-orbit energy between Ago = 70 £ 10 eV and Ago = 90 £ 10 eV as illustrated in
fig. 22(e).
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8 Outlook: GaSb double quantum dot devices

The results of paper 1 pose the question How to build a working DQD device architecture
based on GaSb and are p-type GaSb spin-orbir qubits a route worth pursuing?’, which this

outlook discusses.

One possible path towards the controlled definition of GaSb DQD devices is to study the
impact of different surface treatments of GaSb nanowires on the low-temperature electro-
static gating behaviour. At room temperature, different surface treatments in combina-
tion with a successive oxide deposition have been used to enhance the properties of GaSb
nanowire field-effect transistors [130]. A second approach is to adapt the gate design based
on the findings in paper 1. Here, the most simple adaption is shown in fig. 23(a) and makes
use of what was a drawback in paper 1: Gaps between neighbouring bottom-gate stripes act
as barriers. A device design where only two gate stripes are enclosed by (and an additional
two underneath) the Schottky contacts should then enable the formation of two conductive
islands in the nanowire and thus a DQD. Although simple, this gate architecture yields no
direct control over the interdot tunnel coupling while maintaining QD occupancies. To
achieve complete control over barriers and QDs in GaSb nanowires, a gate architecture with
the ability to obtain full segment-wise control over the nanowire is required. Here, stacking
two shifted and electrically insulated layers of bottom-gates offers a promising solution. A
prototype of this gate array was developed as part of the thesis work and a scanning electron
micrograph is shown in fig. 23(b).

Figures 23(c) to (f) present the results of initial measurements on GaSb:Zn nanowires atop
of the simple DQD gate architecture shown in fig. 23(a). To avoid the formation of con-
ductive nanowire segments below the Schottky-contacts a positive voltage is applied to gl
and g4. Negative voltages are applied to the plunger gates, g2 and g3, to induce conductive
QD islands to the nanowire. In contrast to the findings in paper 1 with a five-gate design,
we are now able to tune the interdot tunnel coupling of the QD system by increasing the
QD occupancies. This not only effectively reduces the barrier between the QDs but also,
as a result of the more negative plunger gate voltages may expand the conductive regions
within the nanowire, decreasing the barrier width. An exemplary charge stability diagram
at the transition of the intermediate- to the strong interdot coupling regime is shown in
fig. 23(c). When the plunger gate voltages are further increased (less negative), the charge
stability diagram resembles the expectations for a weakly coupled DQD over a large range
of occupancies, see fig. 23(d). In combination, this provides evidence for the formation of
what is possibly the first pure DQD implementation in a GaSb nanowire.

Pauli spin blockade is an important tool for the initialization and readout of spin qubits
in DQDs, and within the weak interdot coupling regime we find features that indicate the
presence of PSB. One PSB blockaded charge state transition is shown in fig. 23 (e) and (f),
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Figure 23: GaSb DQD devices. a) DQD device based on two bottom-gate stripes enclosed by Schottky contacts. b) Stacked
bottom-gate design. c,d) Charge stability diagram with Vsp = 2mV at the transition between the intermediate
and strong interdot coupling regime (c) and in the weak interdot coupling regime (d). The current is limited to 150 pA.
e,f) Finite bias triangles obtained at a charge state transition with Pauli spin blockade, measured at (e) Vsp = 2mV
and (f) Vsp = —2mV. The current is limited to +1 pA. In (c-f) the barrier gates underneath the Schottky contacts
are setto Vi = 1.4V and V4 = 0.8V and no voltage is applied to the backgate. To increase the measurement
resolution, V3 are fed through a 1 : 3 voltage divider, which is not removed from the data.

where finite bias triangles are measured with a positive and negative bias. In the positive
biased case in fig. 23(e) the current in the lower part of the finite bias triangles is clearly
suppressed but becomes conductive if a negative bias is applied, see fig. 23(f).

It, however, remains to be noted that without access to the lowest DQD occupancies, the
search for PSB equals the search for a needle in a haystack [168] and in GaSb remains a prob-
lem to be solved in future studies. Although, the example in fig. 23(e,f) features distinct cur-
rents along the finite bias triangle’s baseline even in a PSB configuration, we find this feature
to be significantly suppressed in other cases observed on our device. In a PSB configuration,
spin blockade can be lifted for instance by hyperfine- [169] or spin-orbit interaction [170],
which in turn introduce a finite current in the conventionally blockaded triangle regions,
most notably for (close to) elastic transport along the triangle baseline. Consequently, the
suppression of this current in GaSb devices may be a direct result of, and expected for,
the reduced hyperfine interaction in p-type systems [11], but further complicates the search
for spin blockaded features. Here, recent progress has been made by employing machine
learning to identify PSB [168].
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Finally, the author would like to comment on whether or not research on GaSb QD systems
is a route worth pursuing. Given the fabrication-related challenges and so far the lack of a
clear edge compared to other, already established qubit implementations, GaSb may not be
the answer to the design of a future quantum computer. Here, for instance silicon-based p-
type complementary metal-oxide-semiconductor technology based spin-qubit implement-
ations seem highly promising. These CMOS qubits are built on industry-standard fabrica-
tion techniques [171], allow control over the spin-orbit interactions [172] and have recently
been demonstrated to work at elevated temperatures of up to 5K [142]. Consequently,
the CMOS spin-qubit platform brings ideal preconditions for scalability, operation speed
and qubit fidelity. Although, this may give a pessimistic outlook on the future of GaSb
for qubits, the author still considers the exploration of novel material systems worthwhile
and insightful. An interesting path forward would, however, likely entail to focus on the
possibility of all-electrical gate control of the spin-orbit interaction with three-dimensional
gate-architectures in III-V semiconductor nanowires.
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Thermally driven transport in
quantum dot systems

Thermoelectricity describes the conversion of temperature gradients within closed circuits
to charge currents and vice versa. From an application point of view, the thermoelectric
(TE) effect thus essentially enables active cooling or the generation of electrical power from
heat by using the thermocurrent across a load resistor for instance to charge a battery. The
allure of TE devices lies in the absence of macroscopic moving parts. Instead, such devices
rely solely on charge and heat currents in TE materials — providing ideal conditions for
low maintenance, lightweight and durable applications [173, 174]. For simplicity, in this
chapter, only the concepts of energy harvesting, i.e. power generation are considered.

The underlying principle of the TE effect is that of energy filtering [175] and is illustrated
in fig. 24 by considering a conductor coupled to two electron reservoirs at different tem-
peratures in the absence of an external voltage bias. The thermocurrent Ly, for clarity in
the remainder of this chapter defined as a current purely driven by heating effects, through
this system can be described by the Landauer formula

Lo [ T(E) (E) ~ A(B)) dE (40)

where T(E) is the conductor’s transmission function [176]. Differences in the electron
occupations between the reservoirs fr (E) — f1,(E), in close analogy to the discussions in
section 4 and as shown for a thermal bias in fig. 24, define a transport window within
which currents can flow. For an energy-independent transmission function, however, the
thermocurrent contributions of electrons travelling from the hot to the cold reservoir above-
and from the cold to the hot reservoir below the electro-chemical potential of the reservoirs
negate one another exactly and no net thermocurrent flows. Consequently, an energy-
dependent transmission function with an asymmetry with respect to the Fermi-energy is
a stringent requirement for the TE effect to occur and TE materials essentially act as an
energy selective filter for charge transport.
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Figure 24: Principles of thermoelectricity and the advantage of nanoscale structures.

This asymmetry in the charge transport behavior of a given system is captured by its ther-

([ Vin
- (5).. (‘“’

defined by the open-circuit thermovoltage Vy}, which is generated as a result of the temper-
ature difference between the hot- and cold reservoir AT [175]. In a linear response regime,
valid only if the temperature difference on the length-scale of the mean free path of the sys-

mopower

tem is small compared to the average temperature T [13], the thermocurrent Iy, = GSAT
is a function of the thermopower and the electrical conductance G of the system [175, 177].
Although this equation may not capture the relevant non-linear effects arising in meso-
scopic TE devices [177], it is sufficient to illustrate a key challenge for TE applications: For
the operation of a thermal energy harvester, the relevant quantity to maximize is its out-
put power P = Rioadlin? over a load resistor Rjoaq, which scales with the thermocurrent.
Accordingly, good TE materials combine a large thermopower and electrical conductance
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with the ability to achieve and maintain large temperature differences between the thermal
reservoirs, i.e. a low thermal conductance K.

The perfomance of TE generators can thus be quantified by various metrics, most notably
the dimensionless figure of merit [174]

ZT = %sZT (42)
or the efficiency
P
=73, (43)

defined as the ratio of the generated power P to the heat flow J}, out of the hot reservoir
[175]. The efficiency of heat-to-work conversion processes is bound by the Carnot limit,
Ne = 1 — (Tc/Th) where Ty and Tc are the temperatures of the hot and cold reservoir
[173]. The Carnot efficiency translates to an infinite figure-of-merit ZT = oo [175], but
in general the relation between 7T and 7 is complex [178] and both metrics come with
drawbacks: The figure-of-merit’s validity is limited to the linear response regime, requires
temperature independent S, G, K and may thus not be a meaningful metric for the meso-
scopic systems discussed later in this chapter [175, 177, 179]. In contrast, the efficiency is
more generally applicable but requires knowledge of the heat flow, a quantity not easily
accessible in experiments [122], and is thus complex to evaluate.

The figure-of-merit directly highlights the fundamental flaw of bulk TE materials. Because
the density of states (DoS) of bulk materials possesses only a weak energy dependence (see
fig. 24, 3D panel) [180] net thermocurrents in bulk systems remain small and the bulk
thermopower is limited in magnitude. Additionally, efforts to increase P by enhancing G
are futile in improving the device performance as the ratio G /K remains constant according
to the Wiedemann-Franz law [181], which links the electronic to the thermal conductance
[173]. Consequently, the development of bulk TE devices is widely limited to the hunt for
materials that provide a favourable bandstructure to optimize S while maintaining a high
ratio of G/K [174]. Inevitably, for bulk TE materials the figure-of-merit is found limited
0 ZT < 1 [173, 174] (which corresponds to 0.17 - 7 [175]) while efliciencies of around
0.33-7¢ or ZT = 3 are considered necessary for the widespread success of TE applications

(173, 175].

In nanostructures, on the other hand, clever device design enables the engineering of fa-
vourable material properties to improve the performance of TE devices. This fundamentally
different approach dates back to 1993, when Hicks and Dresselhaus studied the TE prop-
erties of 2D [182] and 1D [183] systems. Their findings indicate that at the nanoscale, as
a consequence of the altered DoS, considerable improvements to the TE performance are
possible [174]. The underlying principle is again illustrated in the bottom panels of fig. 24.
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When compared to bulk, the DoS of low dimensional systems exhibits a stronger energy
dependence, thus provides a better energy-filter and results in a higher thermopower [77].
An additional advantage of nanoscale systems lies in the increased phonon scattering on
interfaces [64]. Because the thermal conductance K = K, + K}, consists of an electronic-
and a phononic contribution, engineering the shape and size of nanostructures can arti-
ficially enhance the ratio of G/K by reducing phonon-mediated heat leaks between the
hot and cold reservoir. Furthermore, violations of the Wiedemann-Franz law are possible
for mesoscopic conductors [184], and heterostructures, which can be designed with great
flexibility in nanostructures, enable the design of material-defined energy filters [185]. In
nanowires for instance, Ky, is reduced [186, 187] and various heterostructures are readily
available [185]. Indeed, by engineering the electronic and phononic properties of materials
with superstructures on the nanometer scale, ZT of up to almost 2.5 have been achieved

(174].

To maximize the TE efficiency Mahan and Sofo predicted in 1996 [188] that an ideal energy
filter, characterized by a sharp and infinitely narrow transmission function is required. With
such an ideal energy filter, in the absence of phonon heat leaks, charge and heat flow become
strongly coupled and TE devices can in theory operate fully reversibly with efliciencies
reaching the Carnot limit [189, 190]. Consequently, QDs coupled weakly to two electron
reservoirs naturally provide ideal conditions and an experimentally available system for
the realization of heat engines that can operate close to Carnot efficiency [179]. For QD
heat engines, operation at the Curzon-Ahlborn efficiency, the approximate limit for the
efficiency of an ideal heat engine that is operated at maximum output power, has further
been theoretically predicted [63, 179]. Thermocurrents across QDs have been extensively
studied since the mid 1990s and a summary of the early efforts can be found in the reviews in
refs. [13, 191] and the references therein. Only in recent years, however, studies on InAs/InP
nanowire based QDs with one heated contact have experimentally demonstrated QD heat
engine operation at high efliciencies, exceeding 0.7 - 1 [77] as well as close to the Curzon-
Ahlborn limit when the output power is maximized [65, 77, 192].

Up until this point, only so-called two-terminal devices were discussed, where the termin-
als refer to the number of thermal reservoirs to be considered for the relevant charge and
heat transport processes. Although relatively simple and capable of high efficiencies, a ma-
jor drawback of two-terminal heat engines is the inherently present link between charge
and heat transport. As a result of this link, a temperature gradient is required within the
electronic circuit of the heat engine, which is difficult to maximize and maintain for meso-
scopic systems where the thermal reservoirs are closely spaced [13]. Three-terminal energy
harvesters, on the other hand operate in a ratchet type configuration, where random fluc-
tuations in the energy harvester’s local environment are rectified and translated to a direc-
tional charge current [193]. This third terminal can thus be decoupled from the electronic
circuit of the energy harvester such that only energy- but no charge exchange between the
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third terminal and the electronic circuit can occur. Consequently, the hot reservoir can
be spatially separated from the cold reservoirs. Here, nanostructures again offer promising
systems as they are highly sensitive to and interact with their local environment. Con-
sequently, a variety of theoretical proposals for such three-terminal energy harvesters exist
based on gated QD systems, where resonances serve as precisely controllable and near-ideal
energy filters. A summary of theoretical proposals is given in the review in ref. [13] and
many of the systems therein are predicted to reach the Carnot limit. In recent years, several
such nanoscale energy harvesters have been experimentally demonstrated by rectification
of thermal fluctuations in Coulomb-coupled quantum point contacts [194] or QDs [195]
as well as by rectification of voltage fluctuations with Coulomb-coupled QDs [196]. A
different implementation of a three-terminal thermal energy harvester makes use of a hot
cavity sandwiched by two QDs, which mediate the charge transport to two cold electron
reservoirs [197]. Interestingly, experimental implementations of nanoscale three-terminal
energy harvesters, however, remain rare as compared to the large amount of theoretical

proposals [177].

This disconnect between the theoretical and experimental efforts may in part be owed to the
limited applicability for commercial devices. Mesoscopic energy harvesters to date require
low operation temperatures and only produce tiny output powers in the femto- to pico
Watt order of magnitude. Consequently, for viable applications significant parallelization
and likely operation at room temperature would be required. For illustrative purposes, let
us consider the case of a QD heat engine. Here, theoretical predictions suggest that out-
put powers on the order of several Watts can be achieved by parallelization [198]. Further,
Coulomb oscillations are detectable at room temperature in metallic nanoparticles [199],
however the operation of a QD heat engine at the Cuzon-Ahlborn efficiency has yet to
be demonstrated at temperatures beyond 30 K [192]. An imaginary commercial energy
harvester based on a large amount of QDs defined in metallic nanoparticles would, how-
ever,still face significant technological challenges: To achieve ideal operation conditions
either all QDs need highly homogeneous electrostatic properties, or electrostatic control
over each individual QD is required. Further, Coulomb interactions between the QDs
reduce the overall efficiency. In combination, these challenges show that the realization of
a viable device seems far fetched given the current state of the field. A second reason for the
lack of experiments on thermal energy harvesters may be rooted in the fundamental difh-
culty associated with measuring the performance of nanoscale energy harvesters. While the
output power is easily detectable, quantifying the heat currents, which determine the device
efficiency, is challenging. To date, efficiency estimates require either complex experimental
techniques [200] or exact modelling of the device with excellent quantitative agreement to
the experiment [77, 177].

With the authors lack of faith in widespread commercial viability of complex nanoscale
thermoelectric power generators, the question "Why should we study thermocurrents in QD
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systems?” inevitably arises. First, it is noteworthy that with the increasing miniaturization of
electronics and the development of quantum information applications, nanoscale systems
are highly relevant in modern day information technology. For both, conventional elec-
tronics and quantum electronic circuits, heat dissipation becomes increasingly challenging
and the concepts developed based on nanoscale TE devices may in the future be applied for
the active cooling of hot spots. On a more fundamental level and in the author’s opinion
most interestingly, QD-based nanoscale thermal energy harvesters operate in an intriguing
regime where (1) high efficiencies are accessible and the efficiency and power output of en-
ergy harvesters can be tuned with relative ease by e.g. using QD gates to vary the energetic
position of the energy filters, (2) not only large ensembles but also single particles play an
important role [64], (3) fluctuations in the environment play a crucial role, are rectified in
three-terminal devices and the input and output energy of the device fluctuates [201, 202]
and (4) quantum effects are present. Consequently, such systems offer a promising plat-
form to study and probe fundamental thermodynamic concepts away from equilibrium
and in the presence of quantum effects.

To probe that regime, in recent years a new class of inequalities, the so-called thermody-
namic uncertainty relations (TURs) have gained significant attention from the theory com-
munity [14]. At their essence, TURs predict a cost-precision trade-off relationship between
different thermodynamic quantities [203]. In transport systems the TURs bind the ratio

of the current fluctuations (<IZ>) to the average current <I>2

() 2
RN

by the entropy production ¥ [14]. For thermal energy harvesters specifically, the TUR

(44)

describes a trade-off between the output power, the power fluctuations and the efficiency
[204]. This trade-off for instance illustrates that against intuition (Carnot efficiency re-
quires reversible operation of the heat engine), in the presence of strong fluctuations, a
thermal energy harvester can be operated at Carnot efficiency with finite output power
[205]. Consequently, this highlights the relevance of characterizing nanoscale systems not
only by average quantities but also fluctuations [206]. From experimental studies of TURs
in QD-based thermal energy harvesters various intriguing insights can be gained: First,
fluctuation measurements become a spectroscopic tool and help to experimentally identify
bounds for otherwise hard to access quantities such as the efficiency or entropy production
of the device. Second, as TURs are often derived solely from classical physics, violations in
experiments can help to identify the presence of quantum effects on charge transport. Ulti-
mately, the search for TUR violations in QD-based devices may thus provide a pathway to
define a "guantum advantage” arising from actively using and controlling quantum-effects
in thermal energy harvesters, beyond the progress made by going from bulk to nano, and
lead to the development of new concepts for energy harvesters.

Here, this thesis contributes by providing a platform and developing the means to study
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Figure 25: Illustration of a DQD coupled to three thermal reservoirs. The DQD is coupled to the phonon bath of its host
material as well as the electron reservoirs serving as source- and drain contacts.

TURSs in nanoscale energy harvesters. Existing three-terminal energy harvesters are realized
in highly specialized systems with often complex and uncommon device architectures. In
papers 11 and 111 we experimentally explore the possibility of operating conventional DQDs
as versatile energy harvesters by studying thermocurrents across DQDs. As discussed in sec-
tion 3, DQDs not only interact with the contact electron reservoirs but also emit phonons
to the surrounding lattice during inelastic transport processes across detuned levels on the
two QDs. Consequently, as illustrated in fig. 25, DQDs are naturally coupled to three
thermal reservoirs: The contact electron reservoirs and the phonon bath with the phonon
temperature T,p,, where the latter is purely coupled to the DQD via heat exchange. In
paper 11, we pick up on an old proposal for the realization of a three-terminal energy har-
vester by Entin-Wohlman et al. [12] where heat stored in the local phonon bath of a DQD
is converted to a net thermocurrent via phonon-assisted transport (PAT). This PAT process
is the exact inverse of conventional inelastic transport via phonon emission which occurs
within the finite bias triangles in the DQD’s charge stability diagram. Conceptually, using
PAT for energy harvesting has been theoretically studied for a variety of DQD-related sys-
tems [207—210] and DQDs were proposed as platforms to realize phonon TE rectifiers and
transistors [211]. Because of the presence of quantum coherences and possible cotunneling
effects, it is finally noteworthy that TUR violations are predicted by theory in DQD-based
energy harvesters [203, 212].

In paper 11 we begin by reviewing the literature and identify two distinct effects, the TE
effect and PAT, that result in thermocurrent in a DQD. Figure 26(a) outlines regions in
a DQD’s charge stability diagram, close to a set of TPs, in which thermocurrents can be
observed. To describe the TE effect and PAT, a DQD with a single energy level Ef, and
ER on the left and right QD, respectively, is considered. In addition, for clarity the local
coordinates € = gy — (E, +ER) /2 and A = Ep, — ER are defined. Here, pgy, is
the electro-chemical potential of the contacts in the absence of a voltage bias, € energetic-
ally shifts the energy levels of the two QDs up or downwards with respect to g, and A
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Figure 26: Thermally driven current in the DQD charge stability diagram. a) Thermocurrent regions in the DQD charge
stability diagram near a set of TPs. b) Schematic illustration of the thermoelectric (TE) effect across a DQD. ¢) Schematic
illustration of phonon-assisted transport (PAT) across a DQD. Figure adapted from paper 1.

describes the level detuning.

The TE effect, as extensively discussed in section 4, occurs if the temperatures in the electron
reservoirs differ, Ty, # TR and is illustrated in fig. 26(b). In full analogy to the single QD
case, the TE effect requires the DQD to act as an energy filter, is thus an elastic transport
process and occurs only if levels across the two QDs are aligned, A = 0. Then, along €, the
levels are pulled from above to below gy and the DQD probes the heat induced electron
population imbalance between the contact reservoirs. As a result, the characteristic TE
thermocurrent signal occurs and reverses polarity wherever a TP is crossed in the charge
stability diagram and is confined to small A only. In literature, the TE effect has been
observed in a DQD tuned to the strong interdot coupling regime [213].

On the other hand, PAT is an inelastic transport process where energy is supplied by a hot
phonon bath via phonon absorption. Consequently, PAT requires non-zero level detuning
and is found along A in the charge stability diagram. The PAT process is illustrated in
fig. 26(c) and requires the phonon temperature to exceed the electron temperatures in the
contacts, T, > T r [75]. During the PAT process, an electron absorbs a phonon and
is lifted from an occupied, energetically lower to an unoccupied, energetically higher state
in the DQD, which in turn results in a directional net current. Within the charge stability
diagram various constraints exist, which limit the regions in which PAT can be found:
First and foremost, the PAT process requires an occupied initial- and an unoccupied final
state between the two QDs and thus in the absence of a voltage bias Ej, and Er must be
on opposite sides of the Fermi-surface [75]. Furthermore, the directionality of the electron
transport during the PAT process is dependent on the sign of A. In combination, this limits
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the PAT thermocurrents to triangular shaped regions in close vicinity of TPs and the PAT
thermocurrent vanishes and reverts polarity as the charge transfer line (where A = 0) in the
charge stability diagram is crossed. Finally, since phonons need to supply sufficient energy
for an electron to overcome the level detuning, the extent of PAT along A is limited by the
available phonon energies such that E,;, > |A| is fulfilled. This condition no longer holds
true if |A| > kgTpp. In literature, the PAT process has been experimentally observed in
the form of phonon-mediated back action of charge sensors on transport through DQDs
tuned to the weak interdot coupling regime [214—217].

9 Summary: Paper II and III

Based on the principles discussed above, we aim to establish nanowire-based DQDs as
a viable and versatile platform to study nanoscale two- and three-terminal thermal energy
harvesters as well as fundamental thermodynamic concepts in papers 11 and 111. We therefore
characterize thermally driven currents across a DQD in paper 11 and demonstrate a versatile
device design with the ability to engineer the temperature profile along a gated nanowire
in paper III.

Summary: Paper 11

Here, paper 11 lays the foundation by presenting a comprehensive description of heat driven
currents across a DQD which is coupled to three thermal reservoirs (source, drain electron
reservoirs & phonon bath). We then combine finite bias spectroscopy with heated meas-
urements and detailed modelling of the system and demonstrate how tuning of the interdot
tunnel coupling provides tools to disentangle the TE and PAT contributions to the ther-
mocurrent and show that PAT is sensitive to the excited-state spectrum of the DQD.

Figure 27(a) shows the experimental device where the DQD is epitaxially defined by three
InP tunnel barriers incorporated in an InAs nanowire. A thermal bias can be introduced
by running a current through a local Joule-heater electrode, aligned to the approximate
position of the DQD structure within the nanowire, by application of a heating biasdVy =
|V — Viz|. This design enables heating of the lattice near the DQD such that the local
phonon temperature exceeds those of the electron reservoirs of the DQD. We further find
a small misalignment of the Joule-heater electrode with the DQD to result in asymmetric
heating of the source- and drain electron reservoirs. Consequently, thermal biasing leads to
a temperature difference T, > T1, > TR between the reservoirs coupled to the DQD.

By variation of the DQD occupation and gating-bias (Vi1 + Vi2)/2 on the heater-
electrode, we tune the device between the intermediate and weak interdot coupling regime.
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Figure 27: Heat driven currents in a DQD. a) Scanning electron micrograph of the device, consisting of an epitaxially defined
DQD in a nanowire, a side-heater electrode and side-gates. b,c) Voltage bias driven currents in the intermediate (b)
and weak (c) interdot coupling regime at Vsp = 1 mV and Vgp = 3 mV, respectively. d,e) Thermocurrents in the
intermediate (d) and weak (e) interdot coupling regime at dVyg = 1V and dVyg = 4V, respectively. The current
in (d) is plotted logarithmic with a linear range between 41 pA. Adapted from paper 1.

The results of finite bias spectroscopy in both regimes are shown in figs. 27(b) and (c). The
corresponding heated measurements in figs. 27(d) and (e), where the grey dashed box labels
a range comparable to fig. 26(a), illustrate a key finding of the study: In the intermediate
interdot coupling regime we identify the TE effect as the predominant contribution to the
thermocurrents while in the weak interdot coupling regime thermocurrents are dominated
by PAT. This apparent shift of the main transport mechanism is explained with the pres-
ence of a finite tunnel coupling O between the two QDs. In the intermediate interdot
coupling regime A ~ Q in vicinity of the TPs and thus molecular bonding and antibond-
ing states form in the DQD. For the PAT process, this comes at considerable drawbacks.
First, since molecular states extend across both QDs, the directionality of the PAT process
is reduced. Second, as a result of eq. (30) phonons now have to supply a minimum energy
of Epn > 2Q) to overcome the spacing between the bonding and antibonding molecular
state. The TE effect, on the other hand profits from the enhanced transmission across the
DQD as a result of states extending across both QDs. The situation reverts when the DQD
is tuned to the weak interdot coupling regime, where mixing between states on the left and
right QD is suppressed. Here, PAT has a high directionality, while the TE effect is confined
to the purely elastic transport regime at A = 0 with a reduced magnitude due to the lower
overall transmission.
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Figure 28: Electron temperature estimate in the intermetiate interdot coupling regime. a) Thermocurrent along a cutline
comparable to SE in fig. 27(d) at dVy = 1 V. Here the DQD acts like a thermally biased single QD and the solid
red line is a fit to the data to extract the contact electron temperatures. b) Contact electron temperature estimate
as a function of the side-heater bias dVy. Each data point represents the median of several fits as shown in (a).
Adapted from the supplemental material of paper 1.

In the intermediate interdot coupling regime thermocurrents are further detected along
the charging lines, see 0E and dE' in fig. 27(d). Here, the DQD behaves like a thermally
biased single QD and thus the thermocurrents are the result of the TE effect only. With this
observation, it becomes evident that the in general complex superposition of PAT and the
TE effect can be separated for thermometry purposes. We therefore fit cutlines, as shown
in fig. 28(a), with a simple rate equation based model for a spinless QD [63] and obtain an
estimate for the contact electron temperatures (independent of T\,},) as a function of dViy,

see fig. 28(b).

Finally, we return to the PAT signal in the weak interdot coupling regime in fig. 27(e). The
maximum extent of the PAT signal along A relates to the phonon energy and with know-
ledge of the phonon spectral function enables a contact temperature independent estimate
of the phonon temperature. Additionally, pronounced resonances emerge within the PAT
signal and are labelled by black arrows in fig. 27(e). To investigate the origin of these res-
onances further and gain insight into the relation between the phonon energy and dVy,
we measure the voltage and thermal bias driven currents along the black dotted cutline
indicated in fig. 27(c) as a function of Vgp and dVy. The results are shown in figs. 29(a)
and (b), respectively, and we discover that the resonances in the PAT signal to approxim-
ately correspond to the excited-state spectrum observed in voltage biased measurements.
By combining the experimental data with QmeQ simulations where we observe the same
resonances, see figs. 29(c) and (d), we show that PAT through specific level configurations
results in enhanced thermocurrents.
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Figure 29: PAT and excited states. Experimental (a,b) and calculated (c,d) voltage bias (a,c) and PAT (b,d) driven currents along
the black dotted cutline in fig. 27(c). The simulation temperatures are set according to the temperature estimates
given in paper 1. Resonances in the PAT currents are attributed to signatures of excited states in the voltage biased
currents. Figure adapted from paper 1.

Summary: Paper 111

Paper 111 aims to overcome the shortcomings of the device studied in paper 1m: The ca-
pacitive coupling between the Joule-heater electrode and the DQD introduced significant
complications for tuning the device and in combination with the epitaxial barriers resul-
ted in only limited control over the DQD occupancies, tunnel couplings and the interdot
coupling regime. In addition, the temperature gradient could only be controlled in mag-
nitude but by design remained fixed otherwise and asymmetric with respect to the DQD.
In paper 111 we present a proof-of-concept study of a more versatile device design, shown in
fig. 30(a), where a bottom-gate architecture (7 gates, gi-7 from source to drain) is capacit-
ively coupled to an InAs nanowire and selected gates (g1, g4, g7) double function as local
Joule-heaters when a current is sent through the gate stripe. This device design enables
the electrostatic definition of various barrier- and QD systems with in principle precise
control over tunnel couplings, and introduces the ability to heat at different locations to
engineer the temperature difference between the thermal reservoirs coupled to the device.
Paper 111 demonstrates the device functionality by presenting thermocurrent measurements
in various device configurations. The results are summarized in figs. 30, 31 and 32.

As a first device configuration we measure the TE effect across a barrier-free nanowire to
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Figure 30: Bottom-heated nanowire device and heater characterization. a) Scanning electron micrograph of the device
and illustration of the experimental setup. b) Thermocurrent across a conductive, barrier-free nanowire configuration
as a function of the heating bias dVr = V; — V’; on the rightmost active bottom-gate. Inset: Thermocurrent as
a function of dVy,, dVum and dV . Adapted from paper .

demonstrate the heater functionality and symmetric heating of the contacted nanowire
segment. The results are presented in fig. 30(b) where it is evident that the direction of
current flow through the gate stripe has no impact on the thermocurrent. A comparison
of the thermocurrents induced by different bottom-heaters (see inset) verifies a symmetric
heating effect if heated on the left or right side of the nanowire segment. In contrast, if
heat is applied in the middle of the device only small I}, are observed which suggests that
a near symmetric temperature profile along the device is maintained.

For the second device configuration, a QD is electrostatically formed by inducing tunnel
barriers with g2 and g4 or g4, as illustrated in fig. 31(b) , and g6. Figure 31(a) shows an ex-
emplary charge stability diagram of a QD formed on the left side of the nanowire segment.
We then measure the thermocurrents along the red dashed cutline in fig. 31(a) as a function
of the heater bias applied to gr and g7. From the symmetries of the thermocurrent, as illus-
trated in figs. 31(c-¢) effective 0 — 1 and 1 — 2 charge state transitions are identified and
we fit the TE signals with eq. (36) and eq. (37). The QD thermometry results reveal that
the average temperature of the reservoirs, T, remains independent of the heater location
while the temperature difference between the left and right electron reservoir AT shows
indications of a dependence on the distance between the QD and the heater. We believe
this behaviour to be the result of a phononic heat flow contribution across the QD in com-
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Figure 31: TE effect in an electrostatic defined QD. a) Charge stability diagram of a QD formed between g2 and g4 as
indicated in (b). ¢) Thermocurrent along the red cutline in (a). The solid red line is a fit to the data for thermometry.
d) TE effect across a QD level situated above g, for an effective 1 — 2 charge state transition. e) TE effect across
a QD level situated below g, for an effective 0 — 1 charge state transition. Black arrows in (d) and (e) indicate
electrons with a set spin confined to the QD and grey arrows indicate available states. Adapted from paper 1.

bination with a phonon mean free path (PMFP) shorter than the nanowire segment. In
that case, phonon-mediated heat flow across the QD reduces AT if the QD is formed close
to the heater, while the phononic contribution to the heat flow across the QD is suppressed
for a larger QD-to-heater distance and larger AT values are achievable.

As a final exemplary device configuration, we electrostatically define a DQD in the interme-
diate interdot coupling regime in the nanowire segment. Gate g4 forms the middle barrier
and serves as middle heater and the resulting charge stability diagram is shown in fig.32(a).
The thermocurrent measurements on this device configuration with heat supplied to the
middle, left or right side of the DQD, presented in figs.32(b-d), illustrate key results of this
study: First, PAT contributes significantly to the thermocurrents across the DQD, indic-
ating that all three heaters efficiently elevate the temperature of the phonon bath beyond
that of the electron reservoirs. A comparison of the extent of the PAT signal along A, see
fig. 32(¢), demonstrates a reduction of the available phonon energy for PAT if the device
is heated at a distance from the DQD center and we estimate a PMFP of the order of the
gate electrode spacing. Second, we find that if heat is supplied in the DQD center the
TE effect is suppressed and can be introduced in a controlled manner by heating on either
of the sides, on g1 or g7, instead. This becomes obvious in the thermocurrent on cutlines
along € in fig. 32(f). Consequently, the results prove that the combined bottom-gate and
heater device architecture overcomes the shortcomings of the more simple design used in
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paper 11 and is ideally suited to study DQD based thermal energy harvesters in a controlled
environment.

10 Outlook: Probing thermodynamic uncertainty relations

A motivation for the studies presented in papers 11 and 111 is to provide viable platforms and
generate the relevant understanding of thermally induced transport to study fundamental
nanoscale thermodynamics by experimentally probing, and possibly violating, TURs in
QD-based thermal energy harvesters. As is often the case with the underlying motivation
of research work, details have so far remained rather vague and what steps such studies
would entail is not immediately obvious. This outlook sets out to sketch how experiments
probing TURs in QD systems could be designed and what challenges are to be overcome.
Therefore, preliminary results of initial experiments on a simple system, a QD heat engine
designed in full analogy to ref. [77], are presented. The QD heat engine consists of a
quantum dot coupled to one cold and one hot electron reservoir and is operated in the
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absence of an external voltage bias, converting heat to current. Even such relatively simple
devices are theoretically expected to violate classical TURs in the presence of cotunneling
effects [203] and are thus interesting study objects.

For a QD heat engine, the general TUR in eq. (44) can be rewritten to

(P) n 1
= kpTe < =
)~ o=yt = 3 (4s)

where T is the temperature of the cold electron reservoir, and describes a trade-off between

the average outpurt power (P), the power fluctuations ((P?)) and the efficiency 7 of the
heat engine [204]. Equation (45) defines the requirements for studying TURs in a QD
heat engine: Because the TUR trade-off depends on the efficiency and power of the heat
engine, ideally the operation regime should be continuously tunable to vary both the out-
put power and the efficiency at which the heat engine operates. Further, in order to gain
insight into the efficiency a detailed performance analysis of the device should be available.
Efficiencies, however, depend on the heat current, which is not easily accessible in experi-
ments and thus quantitative modelling of the system is required [77]. Finally, in addition
to a traditional performance analysis, measurements of the heat engine’s output power or
current fluctuations are needed. In the following, all requirements are discussed and we
show (1) how a QD heat engine can be characterized, create a digital twin of the device to
analyze its performance and (2) demonstrate one possible path to measure the fluctuations
in the system. The device design and heat engine performance analysis follows the study in
ref. [77].

The experimental device and measurement circuit is shown in fig. 33(a). The QD is formed
in an InAs/InP nanowire heterostructure where a 20 nm long InAs QD segment is enclosed
by two 7nm InP tunnel barriers and the substrate acts as a global backgate. Top Joule-
heater electrodes are deposited atop the electrical contacts to the nanowire and various load
resistors connected in series with the QD, of which in the following only a 1 MQ resistor is
used, are cooled down to a base temperature of 15 mK with the device. Each measurement
line has an additional low-pass cold-filter with a 1 nF capacitor shunt to ground and a
1kQ resistance. For purposes of the later discussed fluctuation or noise measurements,
instead of relying on conventional current measurements we detect the voltage drop over
the load resistor AV = Rypaqlip /gp, which directly relates to the constant current through
the circuit and thus also the current through the heat engine, Iy}, /sp.

Figure 33(b) shows the operation region for the following experiments in the charge stability
diagram of the QD. For the purposes of TUR experiments, where quantitative modelling
will be relevant, we limit our study to a region where clear odd-even spin filling is observed.
We further pick transitions where excited states are spaced several meV apart from the
ground state and can thus be neglected in a theoretical model in the absence of a large
external bias and for moderate heating. It should be noted that, as a direct drawback of
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Figure 33: Finite bias characterization of a QD heat engine. a) Device and measurement setup. b) Charge stability diagram.
The colorbar does not represent accurate values as the load resistor in the circuit is not considered in the calcualtion
of dIsp /dVsp. c-e) Experimentally detected current Isp = AV /Rioaa (black dots) through the circuit, measured
atVep = £1mV (0), Vsp = +£0.5mV (d) and Vgp = +0.25mV (e). Solid blue/red lines represent the current
calculated with QmeQ and RTD with T'r, /g = 1.58 GHz for the effective 0 — 1 as well as I'y, )g = 1.22 GHz for
the effective 1 — 2 charge state transition and Tr, /g = 540 mK. The (experimentally quantified) voltage drop over
the load resistor is subtracted from the applied external bias at every gate voltage value.

the load resistor in the experimental circuit, because in the QDs most conductive state
the load resistor accounts for around 20% of the total circuit resistance, only a part of the
external bias Vgp drops over the heat engine. Since this is not accounted for in fig. 33(b)
the differential conductance mapped on the colorbar does not represent accurate values.

In order to create a digital twin of the QD device, we implement a QD with a single spin
degenerate resonance in QmeQ and use RTD to calculate all relevant quantities including
second-order effects. For a quantitative description, knowledge of the tunnel couplings
and charging energy of the QD is required as inputs for the model. The charging energy
Ec = 4.54 £ 0.05meV is directly read out from fig. 33(b). To access tunnel couplings,
we measure Isp = AV /Rjpaq for different values of the external bias Vgp = +1mV,
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Vsp = £0.5mV and Vsp = £+0.25mV and the results are shown in figs. 33(c), (d) and
(e), respectively. For Vgp = 1mV we expect the current through the QD to saturate,
according to eq. (38), which allows to determine the tunnel couplings. We, however, find
variations in the saturation current plateaus. Similar observations have recently been dis-
cussed as signatures of dark states, decoupled from either the source- or drain contact, [218]
but in nanowires are more commonly attributed to DoS effects arising from the quasi-1D
leads coupled to the QD which are affected by the global backgate [82]. Because these DoS
variations make it difficult to independently determine the tunnel couplings across the left-
and the right tunnel barrier, we in the following assume the tunnel couplings to be sym-
metric. From the saturation currents, a first estimate for the tunnel couplings is obtained.
By further removing the experimentally detected voltage drop over the load resistor from
the external bias Vgp, the real bias experienced by the heat engine is obtained and we fit
fig. 33(d) and (e) for the electron temperature of the system. With the electron temperat-
ure, the darta in fig. 33(c) is again compared to the model to increase the accuracy of the
extracted tunnel couplings and the process is iteratively repeated. This fitting process yields
T = 540 mK and I'y,)r = 1.58 GHz for the effective 0 — 1 aswellas I', g = 1.22 GHz
for the effective 1 — 2 charge state transition. Deviations between the model and the ex-
perimental data in fig. 33 as well as the relatively high electron temperatures may be the
result of asymmetric tunnel couplings and lifetime broadening of the QD levels, which is
not accounted for in the model.

With the QD heat engine now prepared, we next turn our attention to quantifying fluc-
tuations and test the noise measurement capabilities of our experimental setup. In order
to quantify the output power fluctuations of the heat engine we detect fluctuations in the
voltage drop AV across Ripaq. These noise measurement will contain contributions ori-
ginating from fluctuations of the current through the QD as well as the Johnson-Nyquist
thermal noise of the load resistor itself and the voltage preamplifier noise [219]. Con-
sequently, because the latter contributions remain constant for any given temperature,
tracking the change of the fluctuations of AV as a function of the the gate voltage V
gives direct insight into the output current noise of the QD heat engine. Under moderate
heating conditions, we expect the heat engine to operate around average temperatures of
T ~ 1.5K. In a first estimate this sets the sensitivity requirement for noise measurements
to the Johnson-Nyquist noise of a 1 MQ resistor at sub 1.5 K temperatures in order to
resolve effects arising from fluctuations in the thermocurrent Lyy,.

In figure 34, we demonstrate the noise measurement capabilities by characterizing the
Johnson-Nyquist noise of the load resistor in the absence of a QD in the electronic cir-
cuit as a function of the temperature. We therefore measure AV time traces with a 40 kHz
sampling rate for 5 using a Femto DLPVA voltage preamplifier, and an exemplary time
trace at T = 1K is shown in fig. 34(a). From these time traces, the voltage noise power
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Figure 34: Noise measurements and thermometry. a) Voltage drop (AV) time trace over a load resistor Rjpaa = 1 MQ
at T = 1K without a QD in the measurement circuit. The sampling rate is set to 40 kHz and each time trace is
measured for 5s. b) Power spectral density (PSD) of the voltage fluctuations Sy. The PSD is obtained from time
traces as shown in (a) and averaged 50 times. Inset: Plateau in Sy between the 50 Hz and 100 Hz peak. c) Black dots
represent the median PSD plateau value, with a reference PSD removed to account for the amplifier noise, referred
to as 6Sv . Solid red line: Expected Johnson-Nyquist noise of a 1 MQ resistor as a function of the temperature.

spectral density (PSD)

LIFET AV () 4o

Sy =
sr
is computed by taking only the positive frequency contribution of the fast Fourier transform
(FFT) of the time trace [219]. Here, sr is the sampling rate and N the number of data
points per time trace. A so-times averaged PSD at T = 1K is plotted in fig. 34(b). For
low frequencies, common 1/f noise is observed and for high frequencies Sy rolls off as
a result of the low-pass filtering effect arising from the capacitances and resistances in the
measurement lines (RC cut-off). Between around 20 Hz and 200 Hz the PSD plateaus.
The various peaks observed in the PSD may originate from vibrations in the cryostat and
characteristic peaks appearing at integer multiples of 50 Hz are attributed to the power
mains.

Between 55 Hz and 95 Hz, see inset fig. 34(b), we identify a flat region in the PSD where
no distinct peaks are present. Thus, this region is ideally suited and used in the following to
quantify the noise of the system. To account for the voltage preamplifier noise, we substract
a reference PSD signal, obtained at T = 15 mK, where the Johnson-Nyquist noise is below
the detection limit of the voltage preamplifier, and obtain the median value of the adjusted
PSD between 55 Hz and 95 Hz, referred to as Sy in the following. In fig. 34(c), 6Sv is
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Figure 35: QD heat engine performance. a) Thermocurrent measurement. The solid red line represents a fit of a QmeQ and
RTD based model for thermometry using the tunnel couplings obtained from fig. 33(c-e). b) Experimental output
power (black dots) and calculated output power (solid red line). ¢) Calculated efficiency. d) Power-efficiency loops.
The highlighted red loop corresponds to the Iy, peak labelled with a black arrow in (a) where good agreement
between the experiment and calculations is found in (a) and (b). e) Experimentally detected APSD values (black
dots) compared to the lower bound for the voltage fluctuations given by the TUR for the QmeQ calculated output
power and efficiencies.

plotted as a function of the temperature and compared to the expected Johnson-Nyquist
noise Sy = 4kTRioaq [219] of Ripaq (solid red line). The good agreement indicates
sufficient sensitivity of the employed noise characterization technique.

Next, we combine the above outlined noise measurements with a characterization of the
QD heat engine. We therefore, in the absence of an external voltage bias, heat the right
contact of the QD and vary the voltage on the global backgate. For each gate voltage value,
we record time traces for AV and obtain the current through the circuit from the average
of the time traces. The experimental results (black dots) for the thermocurrent and output
power of the QD heat engine P = Rioadlin” are shown in fig. 35(a) and (b), respectively. To
characterize the temperatures of the source- and drain electron reservoir, the experimental
results are compared to the QmeQ and RTD based model, where the voltage build-up
Vqd across the QD as a result of the load resistor in the circuit is accounted for by self-
consistently solving Ity (Vqa) + Vqa/Ricad = 0 for each value of V4 [77]. We find best
agreement between the model (solid red line in fig. 35) and the experiment for Ty, = 1.34 K
and T = 2.24 K. Deviations between the model and experiment may again be the result
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of asymmetric tunnel couplings, and a comparison of the output power in fig. 35(b) shows
that the quantitative agreement is not ideal for this particular dataset.

Nevertheless, based on the QmeQ model, it is possible to estimate the performance of
the device by computing the efficiency 7 as a function of Vy in fig. 35(c) and we find the
efficiency to reach up to 27% of 1. Figure 35(d) illustrates the trade-off between P and
in our device through power-efficiency loops. Here, each loop is obtained by following one
peak or dip in the thermocurrent and the highlighted red loop corresponds to the highest
thermocurrent peak, marked by a black arrow in fig. 35(a), where agreement between the
experiment and model is good.

Finally, fig. 35(e) compares 0Sy to the lower bound for the fluctuations according to eq. (45).
The lower bound for 6Sy is computed with the power and efficiency obtained from the
QmeQ model. While both the experimental §Sy; and the corresponding calculated bound
show a distinct increase surrounding the charge transition points, the experimental data
exhibits a maximum where its bound has a minimum at the exact location of the charge
transition point. Furthermore, we find §Sy to be several orders of magnitudes above the
theoretical bound provided by the TUR. Although it should be noted that eq. (45) is an
inequality and thus the bound does not explicitly translate to an expectation value for the
experimental data, the singificant difference in magnitude suggests a problem with the
sensitivity of the noise measurement technique toward the signal contribution of interest.

A problem with the sensitivity of noise measurements in the here presented dataset be-
comes more evident in fig. 36(a). Here, 6Sy is plotted against V (black dots) for the
first resonance only and the data is overlayed with the slope of Sy (red dots), extracted in
the frequency range used to determine dSy. The result clearly indicates that plateaus in
the PSD cease to exist, which in turn makes it difficult to draw meaningful insights from
0Sv. Figure 36(b) shows a time trace at the point where the highest §Sy is detected in (a).
Unlike the time trace presented in fig. 34(a), the data in fig. 36(b) shows switching-type
variations of the average AV on a ms time scale. In the resulting PSD, see fig. 36(c), this
noise signature results in a 1/f* behaviour where @ approaches 2 [220], and the absence of
a plateau renders the here employed analysis technique futile.

We further find, that §Sy as well as the slope of Sy is increased exactly for values of Vg
where dliy, /dV g is large. We thus attribute the switching-type noise in the time traces to
instabilities of the gate voltage source, which can drastically alter the current through the
device and thus also AV in a regime where the current depends strongly on V. For future
studies, this presents a challenge to be overcome. Possible solutions range from employing
a more stable, battery powered voltage source to introducing voltage dividers and filters to
the output of the gate voltage source. Indeed, we observe a decrease in the switching-type
noise of the time traces if a voltage divider is used on the gate. Another possible approach
evolves around data processing. Since noise contributions are of additive nature in the
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Figure 36: Challenges for probing the TUR in experiments. a) Comparison of the measurement result for Sy to the slope
of the Sy between 55 Hz and 95 Hz. b) AV time trace obtained at the point of maximum 6V in (a). ¢) 50-times
average PSD, measured at eaig Vg = 0. d) Maximum expected output power and efficiency of the here studied QD
heat engine as a function of Riaa, calculated with QmeQ using RTD.

PSD [220], the gate voltage induced noise contribution could be removed from the data by
subtracting the 1/f“-type slope from the Sy. Other possibilities include analyzing the time
traces in histogram form, or directly processing the time trace data before the conversion
to a PSD, all of which however come at the risk of accidental modifications to the signal
under investigation. Only once these obstacles are overcome an assessment on whether or
not the sensitivity of the here discussed noise measurement technique is sufficient can be
made.

Another challenge that these experiments may face in the future is the dependence of the
achievable maximum power and efficiency of individual QD heat engines on the choice
of Rioad. The lower bound for the power fluctuations scales directly on P and 7 and thus
operating the device under conditions where a beneficial power-efficiency trade-off can
be reached is important for TUR experiments. For the particular device characterized in
this outlook, the maximum power Pp,.x and efficiency 7max is calculated as a function
of Rioad in fig. 36(d) using QmeQ. Although, for any given Rjoad, Pmax and 7max can
not be achieved in the same gate voltage configuration (see: fig. 35(d)) [221], the data in
fig. 36 suggests that Rjpaq ~ 10 MQ may be better suited to push the TUR bound for
the fluctuations of the here discussed device into a detectable regime. On the other hand,
the choice of Rjpaq will directly impact the RC cut-off and thus large resistive loads can
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introduce challenges to maintain a sufficient bandwidth for measurements.

Despite the obstacles encountered during the here presented initial attempt to probe TURs
via noise measurements in a QD heat engine, the author is optimistic that the challenges
identified in this outlook can be overcome. Further optimization of the measurement setup
in combination with more advanced data analysis approaches, as sketched in this outline,
provide a promising path forward. In the future, one could boldly envision a combination
of the device architecture presented in paper 111 with noise measurement techniques. In the
author’s opinion the concepts developed in this thesis set the stage to systematically study
TUR boundaries in a variety QD systems with the goal to identify TUR violations in the
future. This research direction offers the intriguing possibility to combine experimental and
theoretical efforts and ultimately could help to quantify a quantum advantage for nanoscale
thermal energy harvesters, operated in a regime where quantum effects matter.
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Appendix

The appendix to this thesis is only available in digital form and can be accessed at
https://github.com/SvenDorsch/PhD-thesis-appendix
or by scanning the QR code below:

The appendix contains details of device fabrication and the QmeQ setup for all simulations
shown in this thesis. Further additions, such as data analysis functions and details, may be
provided in the future.
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