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Abstract
In this thesis, we investigate quantum interference effects and single electron transport in epitaxially grown InAs nanowires. The nanowires are grown by metal-organic
vapour phase epitaxy using gold nanoparticles as catalysts. The resulting nanowires
are single-crystalline on a micrometer length scale and exhibit wurtzite crystal structure. The deposition of Ohmic contacts after transferring the nanowires on various
substrates allows to perform transport experiments on individual nanowires.
Coherent transport is probed by measuring individually contacted nanowires,
where universal conductance fluctuations appear as a function of magnetic field
and gate voltage. In addition, a pronounced weak antilocalization correction to the
classical conductivity due to the strong spin-orbit interaction is observed.
Introducing an additional confinement along the nanowire axis induces quantum
dots in the nanowire where single electrons can be isolated. Various combinations
with GaAs/AlGaAs heterostructure two-dimensional electron gas substrates as well
as with graphene are presented, with the aim of establishing a sensitive charge
detector for the nanowire quantum dots. A vertical arrangement of the charge
detector and the quantum dots yields a strong coupling with a high charge detection
signal compared to conventional lateral approaches. This detection sensitivity is
exploited to perform time-resolved charge detection experiments and to access the
counting statistics of single electron transfer through a quantum dot.
Measurements of the inelastic current through a nanowire double quantum dot
reveal periodic modulations of the current which are attributed to an interference
effect mediated by coherent electron-phonon coupling. The phase difference between
electron-phonon coupling matrix elements allows to pass through the interference
pattern by changing the detuning between the energy levels of the quantum dots,
in close analogy to the double-slit experiment.
The specific material properties of InAs, such as the small effective mass, the
large effective g-factor and the strong spin-orbit interaction become especially interesting when investigating single spins in quantum dots of InAs nanowires. Owing
to this properties, Pauli spin blockade is observed at elevated temperatures and at
high electron numbers in a double quantum dot. Lifting of the spin blockade is attributed to spin relaxation due to spin-orbit interaction, as supported by the distinct
magnetic field dependence of the leakage current in the spin blockade regime.
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Zusammenfassung
In der vorliegenden Doktorarbeit untersuchen wir Quanteninterferenzeffekte und
Einzelelektronentransport in epitaktisch gewachsenen InAs Nanodrähten. Die Nanodrähte werden durch metallorganische Gasphasenepitaxie mit Hilfe von Goldnanoteilchen als Katalysatoren gewachsen. Die resultierenden Nanodrähte sind Einkristalle auf einer Längenskala von Mikrometern und weisen eine Wurtzit Kristallstruktur auf. Das Aufbringen von Ohm’schen Kontakten nach dem Transferieren der Nanodrähte auf verschiedenen Substraten erlaubt es, Transportexperimente an einzelnen Nanodrähten durchzuführen.
Kohärenter Transport wird durch die Messung von einzeln kontaktierten Nanodrähten untersucht, bei welchen universelle Leitwertfluktuationen als Funktion des
Magnetfeldes auftauchen. Darüber hinaus wird aufgrund der starken Spin-BahnWechselwirkung eine ausgeprägte schwache Antilokalisierungskorrektur der klassischen Leitfähigkeit beobachtet.
Die Einführung einer zusätzlichen Einschränkung entlang der Nanodrahtachse induziert im Nanodraht Quantenpunkte, in denen einzelne Elektronen isoliert werden
können. Verschiedene Kombinationen mit Substraten wie zweidimensionalen Elektronengasen innerhalb von GaAs/AlGaAs Heterostrukturen sowie mit Graphen werden präsentiert, mit dem Ziel einen empfindlichen Ladungsdetektor für die Quantenpunkte im Nanodraht zu erhalten. Eine vertikale Anordnung des Ladungsdetektors
und der Quantenpunkte führt zu einer starken Kopplung mit einem ausgeprägten
Signal der Ladungsdetektion im Vergleich zu herkömmlichen lateralen Ansätzen.
Diese Detektionsempfindlichkeit wird bei der Durchführung von zeitaufgelösten Ladungsdetektionsexperimenten und für die Bestimmung der Zählstatistik des Einzelelektronentransfers durch den Quantenpunkt ausgenutzt.
Messungen des inelastischen Stromes durch einen Doppelquantenpunkt in einem
InAs Nanodraht offenbaren periodische Modulationen des Stromes, welche auf einen
Interferenzeffekt, vermittelt durch kohärente Elektron-Phonon-Kopplung, zurückgeführt werden. Die Phasendifferenz zwischen Elektron-Phonon-Kopplungsmatrixelementen erlaubt es, in enger Anlehnung an das Doppelspaltexperiment, mit Hilfe der
Änderung der Differenz zwischen den Energieniveaus der Quantenpunkte durch das
Interferenzmuster zu fahren.
Die spezifischen Materialeigenschaften von InAs, wie zum Beispiel die kleine
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effektive Masse, der grosse effektive g-Faktor und die starke Spin-Bahn-Wechselwirkung werden besonders interessant, wenn einzelne Spins in Quantenpunkten von
InAs Nanodrähten untersucht werden. Dank dieser Eigenschaften kann die PauliSpin-Blockade bei erhöhten Temperaturen und bei grossen Elektronenzahlen in
einem Doppelquantenpunkt beobachtet werden. Das Aufheben der Spin-Blockade
wird auf Spin-Relaxation aufgrund der Spin-Bahn-Wechselwirkung zurückgeführt,
was zudem mit der ausgeprägten Magnetfeldabhängigkeit des Leckstromes im Regime der Spin-Blockade untermauert wird.
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Chapter 1
Introduction
“This made me reflect upon the fair skins of our English ladies,
who appear so beautiful to us, only because they are of our own
size, and their defects not to be seen but through a magnifying
glass, where we find by experiment that the smoothest and
whitest skins look rough, and coarse, and ill-coloured.”
Jonathan Swift, Gulliver’s Travels

From top to bottom
The thought that occurred to Gulliver while staying with the giants in Brobdingnag
reflects the fact that what seems common in dimensions of everyday life can be quite
different if magnitudes change. In contrast to the deficits of a beauty which might
arise upon seeing through a magnifying glass, there are often intriguing beauties
hidden at lower dimensions of systems which might look ordinary at first sight.
This fact is in particular at the heart of modern physics, where the processes on the
atomic scale are governed by the fascinating laws of quantum mechanics.
In solid state systems, tremendous progresses in semiconductor technology over
the last few decades have enabled to create structures on a scale comparable to
the effective wave length associated with the electrons hosted by the semiconductor [1]. This shrinking of the dimensions from the top to the bottom allows to
engineer systems where macroscopic quantities such as the current through a nanostructure are drastically modified by quantum effects. The control on the reduction of the dimensionality of the investigated structures leads to specific effects related to the low-dimensional character of the system. The quantized Hall resistance
for example has become the hallmark of two-dimensional systems [2–4], whereas
quasi one-dimensional systems such as ballistic quantum wires exhibit conductance
quantization originating from the quantized transverse modes of the electron waves
[5, 6]. Imposing a confinement in all three spatial directions eventually leads to
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zero-dimensional structures, referred to as quantum dots or “artificial atoms” due to
the striking observation that quantum dots exhibit a discrete energy spectrum much
like real atoms [7, 8]. The possibility to confine single electrons in zero-dimensional
structures opens up a whole realm of experiments to investigate the properties of
the isolated electron and its interactions with the environment [9]. Furthermore,
trapping a single electron in a quantum dot poses naturally the question about its
spin degree of freedom. The proposal to use single spins in quantum dots as building
blocks of a quantum computer in a solid state environment [10] reveals the potential
of research on semiconductor nanostructures not only from the fundamental point
of view but also in terms of applications.
Back from bottom to top
While the top-down procedure described above is the common scheme to obtain
low-dimensional systems by the use of elaborate semiconductor fabrication techniques, the view can be turned around to start the approach from the bottom.
The emergence of sophisticated semiconductor growth techniques such as molecular
beam epitaxy has enabled to realize systems which are intrinsically low-dimensional.
Exploiting the lattice mismatch of InAs and GaAs in a Stranski-Krastanov growth
for example leads to the formation of nanometer-sized self-assembled quantum dots
which are widely examined by optical means [1, 11].
In this view, catalytically grown nanowires represent a particularly promising
bottom-up approach to obtain an intrinsic quasi one-dimensional system [12]. The
great flexibility in material choice and numerous possibilities of device fabrication
in combination with established top-down techniques give promise for both the discovery of novel physics [13, 14] such as for example the recent effort to observe
Majorana fermions in a solid state system [15–17], and nanoelectronics applications
such as solar cells or wrap-gate field effect transistors [18–21].
This thesis
In this thesis, we use catalytically grown InAs nanowires as a base system to perform electronic transport experiments and to confine single electrons by introducing
additional barriers inside the nanowire. InAs is an exceptional material for the investigation of quantum effects in electronic transport due to its low effective mass
m∗ compared to other semiconductors, its large effective g-factor and the strong
spin-orbit interaction. The latter is especially interesting with respect to the implementation of quantum computation, since it offers the possibility of efficient manipulation of single spins by electric fields [22–24].
The thesis is structured as follows:
We start with an introduction to the basic concepts of the semiconductor nanostructures used during the course of this thesis in chapter 2.

2

The growth process using metal-organic vapour phase epitaxy and the crystal
structure of the resulting nanowires are described in chapter 3. In addition, we
outline the spin-orbit interaction particular to InAs nanowires.
In chapter 4, we give a description of the main fabrication elements such as the
realization of Ohmic contacts to the nanowires. A short overview on the electronics
and the cryogenics components of the measurement setup is included in this chapter.
Quantum interference effects can lead to significant modifications of classical
expressions of electronic transport. Measurements of coherent corrections such as
universal conductance fluctuations and weak antilocalization are presented in chapter 5.
Experimental implementations of solid-state spin qubits in quantum dots often
rely on sensitive charge detection using a nearby charge detector [25], especially
at the readout step of the qubit. Due to the given geometry, it is however not
straightforward to establish a sensitive charge detector for nanowire quantum dots
[26, 27]. In chapter 6-8, we present various sample designs where a sensitive charge
detection is combined with a high tunability of the nanowire quantum dots.
A wet etching scheme to obtain a self-aligned double quantum dot is presented
in chapter 6. The strong coupling between the quantum dot and the charge detector
and the high tunability of the sample allow to perform time-resolved charge detection. The tunability of the sample is increased by the deposition of additional top
gates. Periodic modulations of the inelastic transport through the double quantum
dot are observed and attributed to coherent electron-phonon coupling.
In chapter 7, we present a sample design of top gate defined quantum dots with
a vertically coupled charge detector. We perform time-resolved charge detection
to measure the counting statistics of electron transfer through the InAs nanowire
quantum dot.
A hybrid sample where a graphene nanoribbon on top of bottom gated nanowire
quantum dots is conceived as a charge detector is presented in chapter 8. Transport
measurements of the nanowire double quantum dot exhibit spin blockade even up
to temperatures of T ∼ 3.4 K, which is explained by the specific material properties
of InAs and the particular configuration of coupling parameters in this regime.
We conclude the thesis in chapter 9 and give an outlook on further directions.
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Chapter 2
Semiconductor nanostructures:
Basic concepts
The experiments presented in this thesis include various low-dimensional semiconductor
nanostructures, such as two-dimensional electron gases, quantum point contacts and
quantum dots. In this chapter, we give a short summary of the basic physics of the
relevant structures based on comprehensive reviews, such as [1] and [28]. The general concepts introduced in this chapter are subsequently realized in different material
systems, such as GaAs/AlGaAs heterostructures, InAs nanowires, and graphene.

2.1

Two-dimensional electron gases

Sophisticated semiconductor growth techniques such as molecular beam epitaxy
(MBE) provide the possibility to grow high quality crystals in an atomic monolayerby-monolayer fashion and thus to stack sequences of different materials. The elaborate combination of materials in such epitaxially grown heterostructures enables to
band gap engineer the potential in the growth direction, such that a two-dimensional
electron gas (2DEG) is formed at the interface of two different material systems. One
of the most commonly used material combinations is GaAs with Alx Ga1−x As due
to the small lattice mismatch of 0.15% between GaAs and AlAs [1]. Figure 2.1(a)
shows a schematic representation of a modulation δ-doped heterostructure grown by
MBE. The larger band gap of Alx Ga1−x As gives rise to an offset of the conduction
band edge at the heterointerface between GaAs and Alx Ga1−x As (∆ECB ≈ 300 meV
for Al0.3 Ga0.7 As and GaAs). This leads to a triangular quantum well confining the
electrons in z-direction, while leaving the motion free in x- and y-direction. The
2DEG provides the platform from which various nanostructures can be obtained by
further top-down fabrication techniques. Confinement in the lateral directions is for
example achieved by the deposition of metallic split gates, by etching, or by local
oxidation using an atomic force microscope (AFM) [1].
A particular two-dimensional system which has emerged recently is graphene,
an atomic monolayer of carbon [29]. It is readily obtained by mechanical exfolia-
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Figure 2.1: Schematic representation of
the GaAs/Alx Ga1−x As heterostructure
used in this thesis. The 2DEG resides
37 nm below the surface. Figure adapted
from [1].

GaAs

tion from the common three-dimensional graphite using the so-called “scotch-tape”
method [30]. The surprising simplicity of exfoliation and the striking physics associated with the Dirac fermionic character of its charge carriers has positioned graphene
as one of the most promising materials both in terms of fundamental research in
mesoscopic physics and applications for semiconductor industry. A more detailed
discussion on graphene will be given in Chap. 8.

2.2

Quantum point contacts

By imposing an additional confinement in one spatial direction of the 2DEG, a quasi
one-dimensional system can be obtained. Such a system is termed quantum wire
if the width W is comparable to the Fermi wave length λF of the electrons, and is
said to be ballistic, if the length L is smaller than the elastic mean free path le . The
lateral confinement leads to quantized transverse modes propagating along the wire
axis. Experiments however, usually deal with short quantum wires referred to as
quantum point contacts (QPCs) with L comparable to W , as shown schematically
in the inset of Fig. 2.2. The QPC can be modeled as an effective potential barrier
with a certain transmission probability for incoming electron plane waves. Assuming
adiabatic coupling of the reservoirs into the QPC yields the Landauer formula for
the conductance of the QPC at T = 0 K [31, 32]
e2 X
Tn (EF ),
G = gs
h n

(2.1)

with gs = 2 accounting for spin degeneracy, Tn (E) the transmission function of the
nth mode, and EF the Fermi energy. For energy spacings of the modes larger than
the interval over which Tn (E) changes, this simplifies to
e2
G = gs N,
h

(2.2)

where N denotes the number of occupied modes in the constriction. N can be
estimated with N ∼ 2W/λF . Thus, the conductance of the QPC is quantized,
exhibiting plateaux at multiple integers of the conductance quantum G0 = e2 /h.
6
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This was first measured by B.J. van Wees et al. [5] and D.A. Wharam et al. [6] in
1988. Figure 2.2 shows the measurement of conductance quantization by B.J. van
Wees et al. using a split gate defined QPC.

Source

2.3

QPC

Figure 2.2: Measurement of the quan-

Drain

tized conductance of a split-gate defined QPC. The number of occupied
modes in the QPC is varied by changing the voltage on the split gates. Figure
reprinted from [33]. Copyright (1991) by
The American Physical Society. Inset:
Schematic representation of a QPC.

Quantum dots

Quantum dots (QDs) are quasi zero-dimensional systems with confinement in all
three spatial directions, which can be achieved in the same manner as for the QPCs
by the aforementioned top-down techniques. A comprehensive review on QDs can
be found for example in [9]. The dimensions of a QD are comparable to the Fermi
wave length λF , leading to discrete states with an energy spectrum similar to atoms.
QDs are therefore often referred to as “artificial atoms” [8]. Figure 2.3(a) shows
a schematic representation of a QD coupled to source and drain leads by tunnel
barriers and capacitively coupled to a plunger gate. The gate is used to change
the electrochemical potential in the QD. The interactions between the QD and its
environment are described by a capacitive model where the QD, gate and leads are
considered as a network of a metallic island and gates connected by capacitors.

2.3.1

Single charges

Classically, the charge occupation of the QD is governed only by Coulomb interaction. A finite amount of energy is therefore needed to load an additional electron
onto the QD due to Coulomb repulsion. Treating the QD as a small metallic island,
this charging energy is given by ∆EC = e2 /CΣ , with CΣ = CS + CD + Cg the total
capacitance of the QD. Thus, the current through the QD is suppressed if an electron entering the QD is not provided this energy. This is known as the Coulomb
blockade effect.
The observation of the Coulomb blockade effect relies on two experimental conditions. First, the QD has to be coupled only weakly to the environment obeying
the condition RS/D > h/e2 , with RS/D the tunnel resistances. This follows from the
7
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Heisenberg uncertainty relation ∆E∆t > h, with ∆E = ∆EC and ∆t = RS/D CΣ
the time scale of charging the QD. The second condition is set by the temperature
through ∆EC > kB T . Thus, the charging energy has to be larger than the thermal
energy. For a lateral QD in a GaAs/AlGaAs heterostructure 2DEG for example,
this gives an upper bound for the QD radius of r ∼ 1 µm for T = 2 K.
(b)
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Figure 2.3: (a) Schematic representation of a QD tunnel coupled to source and drain
leads and capacitively coupled to a plunger gate. (b) Illustration of the charge stability diagram of a QD. Finite current is measured outside diamond shaped regions
and suppressed inside the diamonds due to Coulomb blockade. Electron numbers of
the QD are depicted. (c) Level schemes at different positions α, β, γ of the stability
diagram.

2.3.2

Quantized energy

As mentioned above, the confinement in all three spatial directions leads to a discrete
energy spectrum. The spectrum strongly depends on the particular shape of the
confinement potential. For vertical pillar-shaped QDs with cylindrical symmetry
it has been shown that the spectrum exhibits shell filling analogous to real atoms
[34, 35]. The level spacing in an e.g. spherical QD can be estimated using the
expression for a three-dimensional box of length 2R yielding [9]
∆E =



1
3π 2 N
8

1/3

~2 π 2
,
4m∗ R2

(2.3)
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with m∗ the effective mass of the electron in the conduction band. In a harmonic
confinement potential, the level spacing reads
∆E =

~2
.
4m∗ R2

(2.4)

Both expressions of the level spacing scale with ∼ 1/m∗ , making materials with low
effective mass, such as InAs, interesting for the investigation of quantum confinement
effects (see also Chap. 3).

2.3.3

Constant interaction model

A QD containing many electrons represents in fact a many-body problem which is
difficult to solve exactly. Instead, the energies of a QD are commonly described in
the constant interaction model where the exchange interaction is neglected and the
charging energy is assumed to be independent of the electron number. Within this
model, the electrochemical potential of the QD is given by [1]


X
1
∆EC − |e|
αi Vi ,
(2.5)
µ N = ǫN + N −
2
i
with ǫN the single-particle energy of the N th electron depending on the confinement
potential, αi the lever arm and Vi the voltage on gate i. The lever arms of gate i on
a state |ni of the QD are assumed to be independent of n. This defines the addition
energy as a change in the electrochemical potential of the QD when an additional
electron is added through
µN +1 − µN = ∆E + ∆EC ,

(2.6)

with ∆E = ǫN +1 − ǫN the level spacing between the (N + 1)th and N th QD state.
Thus, the addition energy is the sum of the level spacing and the charging energy.

2.3.4

Charge stability diagram

In transport experiments, the properties of a QD are commonly examined by measuring the current through the QD as a function of both the bias voltage Vbias across
the QD and the gate voltage Vg . The result of such a measurement is schematically
illustrated in Fig. 2.3(b), tracing out the charge stability diagram of the QD. The
current through the QD is suppressed inside diamond shaped regions referred to as
Coulomb diamonds. The level schemes at different positions α, β, γ of the stability
diagram are shown in Fig. 2.3(c). Inside the diamonds (α), the electron number
is fixed due to Coulomb blockade. Lowering the electrochemical potential µN +1 of
the QD using the plunger gate, µN +1 gets aligned with the Fermi level in the leads,
allowing tunneling through the QD (β). Alternatively, the Coulomb blockade can
be lifted by applying a finite bias across the QD, such that µN +1 enters the bias
9
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window (γ). The alignment of the electrochemical potential of the QD with either
source or drain lead determines the boundary lines of the diamonds. Excited states
and cotunneling effects can lead to additional lines outside and features inside the
diamonds, respectively [1].

2.4

Double quantum dots

By coupling two QDs, a double quantum dot (DQD) is obtained which is, in analogy
to the single QD case, referred to as “artificial molecule”. As described at the end of
this section, DQD states can indeed form bonding and antibonding states similar to
real molecules. A detailed review on DQDs going beyond the short description given
in the following, can be found in [36]. Figure 2.4 shows a schematic representation
of a DQD tunnel coupled to source and drain, capacitively coupled to two plunger
gates, and with an interdot tunnel coupling. The DQD can be modeled like the
single QD using a capacitive model with the DQD, the gates and the leads forming
a network of metallic islands and gates connected by capacitors.

,

,

QD 1

S

,

Cm Rm

CS RS

CD RD

QD 2

D

CgR

CgL

VgL

VgR

Figure 2.4: Schematic representation of a DQD tunnel coupled to the leads. Each
QD is capacitively coupled to a plunger gate. Cross capacitances are not shown.
Interdot coupling is established by a tunnel barrier.

2.4.1

DQD energies

The energies of the DQD are described within the constant interaction model yielding the electrochemical potentials of the two QDs as


1
(1)
∆EC1 − |e|(α1L VgL − α1R VgR ) + N2 ∆ECm
µ1 (N1 , N2 ) = ǫN1 + N1 −
2


1
(2)
µ2 (N1 , N2 ) = ǫN2 + N2 −
∆EC2 − |e|(α2L VgL − α2R VgR ) + N1 ∆ECm ,
2
(2.7)
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with µi (N1 , N2 ) the electrochemical potential of QD i (i = 1, 2), Ni the number of
(i)
electrons, ǫNi the single-particle energies of the Ni th electron, ∆ECi the charging
energies of the QDs, αij (j = L, R) the lever arms of gate j on QD i, Vgj the voltage
on gate j and ∆ECm the mutual charging energy. The charging energies of the QDs
and the mutual charging energy are expressed in terms of capacitances through
CΣ2/1
2
CΣ1 CΣ2 − Cm

(2.8)

Cm
2
CΣ1 CΣ2 − Cm

(2.9)

∆EC1/2 = e2

∆ECm = e2

with CΣ1/2 = CS/D + CgL/R + Cm the total capacitance of the QDs, if direct cross
capacitances are neglected.

2.4.2

Charge stability diagram

The stability diagram of a DQD strongly depends on the capacitive coupling Cm
between the QDs. Figure 2.5(a) and (b) show the stability diagrams at zero bias
across the DQD for Cm = 0 and Cm 6= 0, respectively. The tunnel coupling between
the QDs is neglected. The charge configuration of the DQD is denoted by (N1 , N2 )
with the number of charges N1 on the left and N2 on the right QD, respectively.
For Cm = 0, the charge configuration is fixed inside rectangular regions bounded
by lines where one of the electrochemical potentials of the QDs is aligned with the
Fermi level of one of the leads. A finite coupling Cm 6= 0 changes the rectangles into
hexagonal regions of fixed charge configuration, as shown in Fig. 2.5(b).
Due to its shape, the DQD stability diagram is often referred to as honeycomb
diagram. The vertices of the hexagons are termed triple points, and mark the configuration where the electrochemical potential of both QDs and the Fermi level of both
leads are aligned. At these points, the DQD energy allows three charge states to
be degenerate. Two neighboring triple points are separated by the mutual charging
energy ∆ECm and correspond to two different tunneling sequences. Such a pair of
triple points is depicted by a red filled and a red empty circle in Fig. 2.5(b). The
sequence at the filled circle is given by
(N1 , N2 ) → (N1 + 1, N2 ) → (N1 , N2 + 1) → (N1 , N2 ),
where an electron is shuffled from the source through the left and the right QD to
the drain lead. At the empty circle, the sequence reads
(N1 + 1, N2 + 1) → (N1 + 1, N2 ) → (N1 , N2 + 1) → (N1 + 1, N2 + 1),
which can be interpreted as the corresponding hole sequence. The dimensions of the
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Figure 2.5: (a) Illustration of the stability diagram at zero bias across the DQD
and for Cm = 0. The charge configuration of the DQD is fixed inside rectangular
regions. (b) Same for Cm 6= 0. The rectangles develop into hexagons with fixed
charge numbers. Pairs of triple points corresponding to electron and hole sequences
are separated by the mutual charging energy ∆ECm . Direct cross capacitances which
would lead to an additional slope of corresponding triple points as well as the tunnel
coupling between the QDs are neglected. Figures adapted from [36]. Copyright
(2002) by The American Physical Society.

hexagons in gate voltage relate to the capacitances through
∆VgL/R =

|e|

(2.10)

CgL/R

m
∆VgL/R
= ∆VgL/R

Cm
.
CΣ2/1

(2.11)

The gate voltage quantities are depicted in Fig. 2.6(a). By applying a finite bias
across the DQD, the triple points develop into so-called finite bias triangles, as shown
in Fig. 2.6(b). The bias voltage opens up an energy window which determines the
size δVgL/R of the triangles in gate voltage, yielding therefore the lever arms
α1L/2R =

CgL/R CΣ2/1
|Vbias |
.
=
2
δVgL/R
CΣ1 CΣ2 − Cm

(2.12)

The electrochemical potentials of the QDs are aligned along the base line of the
triangles, allowing elastic tunneling through the DQD. Inside the triangles, transport
is governed by inelastic processes and cotunneling. Elastic tunneling through excited
states leads to additional lines inside the triangles. Depending on the alignment of
an excited state with either the ground state of the neighboring QD or with the
Fermi level of a lead, the line runs parallel to the base line or to the edge of the
triangles, respectively. Thus, the excitation spectrum of the DQD can be probed by
finite bias spectroscopy.
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Figure 2.6: (a) Close-up to a hexagon. The gate voltage quantities determining
the dimensions of the hexagon are depicted. (b) Stability diagram at finite bias
across the DQD with level schemes depicted at the apices of a triangle. The gate
voltage dimensions of the triangles yield the lever arms of the corresponding plunger
gates. Additional lines inside the triangles originating from elastic tunneling through
excited states are shown in addition. Figures adapted from [36]. Copyright (2002)
by The American Physical Society.

2.4.3

Molecular states

The term “artificial molecule” originates from the fact that a finite tunnel coupling
between the QDs leads to the formation of bonding and antibonding DQD states.
Considering one single state in each QD, the Hamiltonian describing the two-level
system is given by


ǫ1 t c
,
(2.13)
H=
∗
t c ǫ2

with ǫ1 and ǫ2 the energies of the eigenstates |ψ1 i and |ψ2 i of the two-level system
for zero tunnel coupling and tc the tunnel matrix element. The new eigenenergies
obtained by diagonalizing the Hamiltonian are
s 
2
ǫ1 + ǫ2
δ
ǫB/A =
∓
+ |t|2 ,
(2.14)
2
2

with ǫB and ǫA the eigenenergies of the new eigenstates |ψB i and |ψA i and δ = ǫ1 −ǫ2
the detuning between the energy levels of the QD.
The eigenstates |ψB i and |ψA i are delocalized over both QDs forming bonding
and antibonding states, expressed by
|ψB i = c1 |ψ1 i + c2 |ψ2 i
|ψA i = c∗2 |ψ1 i − c∗1 |ψ2 i,

(2.15)

where c1/2 incorporate the tunnel coupling tc and the detuning δ. The energies
of the bonding and antibonding states are shown by the solid lines in Fig. 2.7(a).
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Figure 2.7: (a) Energies of the bonding and antibonding states according to
Eq.(2.14) as a function of the detuning δ. The dashed lines depict the energies
for tc = 0. (b) Effect of the tunnel coupling on the charge stability diagram near
the triple points. Figures adapted from [36]. Copyright (2002) by The American
Physical Society.

The dashed lines depict the energies for tc = 0. The avoided crossing at δ = 0
is given by 2|tc |. Introducing a finite tunnel coupling has a considerable effect on
the stability diagram especially near the triple points, as shown in Fig. 2.7(b). The
sharp vertices of the hexagons are rounded, reflecting the avoided crossing due to
finite tunnel coupling.

2.5

Summary

We have introduced the basic concepts underlying various semiconductor nanostructures presented in this thesis. Devices including a GaAs/AlGaAs heterostructure
2DEG will be presented in Chap. 6 and Chap. 7. Graphene is incorporated into
the samples in Chap. 8. Finally, QDs are obtained by several different top-down
techniques applied to InAs nanowires.
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Chapter 3
InAs nanowires
The structures investigated in this thesis are based on epitaxially grown InAs nanowires.
In this chapter, we give a description of the growth process using metal-organic vapour
phase epitaxy and discuss the crystal structure of the resulting nanowires. In addition,
we outline the spin-orbit interaction in InAs nanowires arising from their particular crystal
structure.

3.1

Growth of InAs nanowires

Semiconductor nanostructures are usually obtained by a top-down approach, exploiting advanced nanofabrication methods to pattern a base system such as a 2DEG
into structures of lower dimensions. While the great flexibility in sample design
and the potential of scalability have pushed the field extensively [1, 28], process
schemes become increasingly involved, limiting the yield of sophisticated structures.
Therefore, bottom-up methods offering intrinsic low-dimensional systems and circumventing delicate processing schemes constitute a promising alternative platform
for research in mesoscopic physics. A prominent example for a bottom-up approach
to obtain quasi one-dimensional systems are semiconductor nanowires (also termed
whiskers in earlier works). Among various methods, the catalytic growth using
metallic nanoparticles represents a common way for epitaxial growth [12], which is
also the scheme used here.

3.1.1

Vapour-liquid-solid mechanism

Reports on spontaneously formed metallic whiskers can be found already in 1946,
where the whiskers were found to cause electrical shortings between capacitors of
military equipment during the Second World War [37]. While the first reports of
Si whiskers date to the 1950’s [38], the exact growth mechanism was still not well
understood. In a seminal paper published in 1964, R.S. Wagner and W.C. Ellis
reported the growth of Si nanowires on top of a Si substrate using Au particles as
catalysts [39], proposing the growth to occur through the vapour-liquid-solid (VLS)
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mechanism.

Figure 3.1: Binary phase diagram of the
Si(s)+L

Au-Si eutectic system. L denotes the liquid phase of the alloy. The region shaded
in grey depicts the region where the VLS
growth takes place. Si(s) denotes solidified Si. Adapted with permission from
[40]. Copyright (2010) American Chemical Society.

The VLS mechanism can be understood by considering the binary phase diagram
of Au and Si, as shown in Fig. 3.1. The key point is that Au and Si can form an
eutectic system with the eutectic point occuring at a Si atom proportion of 19% and
at a temperature of ϑeu = 363 ◦ C. The eutectic temperature ϑeu is thus significantly
lower than the melting points of Au (1064 ◦ C) and Si (1414 ◦ C). At the proper
composition, the binary Au/Si system therefore forms a liquid alloy droplet on top
the solid substrate, if heated above ϑeu . A constant supply of Si from the surrounding
to the droplet leads to supersaturation with Si and pushes the system across the
phase boundary into the solidified Si region. Thus, the excess Si precipitates at
the liquid-solid interface and initiates the growth in vertical direction. The supply
of Si can be achieved in several ways, such as chemical vapour deposition (CVD),
annealing in a reactive atmosphere like hydrogen or iodine, evaporation of silicon
monoxide, MBE, or laser ablation [41]. In the CVD process, the Si is supplied by
a vapour of volatile precursors such as silane (SiH4 ) or silicon tetrachloride (SiCl4 ).
Heating the substrate above the cracking temperature of the precursor leads to the
decomposition of the precursor at the surface of the droplet, where the Si can then be
incorporated. Keeping the growth temperature and the vapour pressure sufficiently
low suppresses the lateral growth and nanowires of several µm length and with
diameters in the nm-range can be obtained. The growth by the VLS mechanism in
a CVD process is illustrated schematically in Fig. 3.2. The slight tapering of the
nanowire towards the tip is due to a non-negligible lateral growth with its extent
depending on the particular growth conditions.
Although Au is the most commonly used catalyst material due to its chemical
stability and broad availability, catalytic growth can be achieved also with different
catalyst materials such as for example Ag, Al, Cu, Fe, In, Ni, Pt, or Ti [40–42].
The choice of the catalyst material can have an influence on the doping and on
the position of the impurity levels in the band gap [41]. Furthermore, the different
phase diagrams can lead to vapour-solid-solid (VSS) growth, where the catalyst
remains in a solid state during growth. VSS growth of Si nanowires was for example
demonstrated using Cu or Al catalysts where the growth temperature was well below
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Figure 3.2: Schematic illustration of the
SiH4

growth by the VLS mechanism in a CVD
process. The silane precursor supplies
the Si for the catalyst droplet, which sits
on top of the nanowire growing in the
vertical direction. Adapted with permission from [40]. Copyright (2010) American Chemical Society.

the eutectic temperature ϑeu [42, 43]. The influence of the catalyst material on the
nanowire properties has therefore triggered the search for growth schemes without
the need of a catalyst differing from the material of the nanowire1 [44–46].

3.1.2

Metal-organic vapour phase epitaxy

The catalytic growth has successfully been applied to III-V semiconductors using
metal-organic vapour phase epitaxy (MOVPE) [47, 48]. Similar to the CVD process
described above, a vapour of metal-organic precursors of III and V elements is
brought to the substrate supporting the Au catalysts, where the nanowire growth
takes place. The phase diagram in this case is however more complex than the
binary Au-Si diagram and whether the growth takes place through the VLS or the
VSS mechanism is still under debate [49].
The MOVPE process compares to other processes such as MBE or chemical
beam epitaxy (CBE) [50] with the advantage of much higher growth rates and that
no ultra-high vacuum (UHV) is required. Typical growth rates are ∼ 10 nm/s for
MOVPE [48], whereas the growth in MBE or CBE processes takes place on an
atomic monolayer-to-monolayer basis. On the other hand, the selective targeting
using precursor beams in an UHV environment for MBE or CBE processes allows to
switch the material composition abruptly, yielding atomically sharp interfaces between different materials. This has been utilized to grow for example InAs/InP heterostructures along the axis of the nanowire using CBE [51, 52] (see also Chap. 6), or
to grow radial heterostructures [53, 54]. The latter is particularly interesting since it
has enabled the controlled growth of GaAs/AlGaAs heterostructure nanowires with
self-assembled QDs at the apices of the nanowires, yielding a promising platform for
photonics applications [55].
In this thesis, we employ the developed MOVPE processes to grow InAs nanowires
on a GaAs substrate with h111iB surface orientation [56], as shown schematically in
Fig. 3.32 . Commercial epitaxy-ready wafers3 are cleaved into small substrate chips
1

For GaAs nanowires for example, Ga droplets on top of the nanowire can assume the role of
the Au catalyst [44, 45].
2
The paragraph on Fig. 3.3 is in line with the description given in [56, 57], as we used the same
recipes and clean room facilities.
3
Supplier: American Xtal
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Au

TMIn, AsH3, H2

J=440°C
t=15 min

GaAs <111>B

Figure 3.3: Schematic illustration of the employed MOVPE process. A droplet
of colloidal Au nanoparticles is deposited on a GaAsh111iB substrate. The Au
nanoparticles are randomly distributed on the surface by a short blow of N2 . The
growth takes place in a quartz tube of a MOVPE reactor. The precursors and the
carrier gas as well as typical growth conditions are depicted.
with typical dimensions around 5 mm. In order to improve adhesion, the chip is
dipped into L-lysine for 1 min. After blow drying with N2 , a droplet of colloidal Au
nanoparticles is deposited and left on the chip for 25 − 30 s. The commercial colloidal nanoparticles4 have diameters ranging from 5 nm to 40 nm, which determines
roughly the diameters of the resulting nanowires. A short blow of N2 dries the chip
and thereby distributes the particles randomly on the substrate. We use different
dilutions of the colloidal solutions in order to control the nanowire density on the
substrate. Satisfactory results in terms of growth rates and nanowire densities were
obtained with dilution ratios of 1:4 or 1:9 (colloid solution:H2 O). The growth takes
place inside a quartz tube of a MOVPE reactor (AIXTRON AIX 200/4) where the
chips are positioned on a graphite susceptor. The reactor is equipped with trimethylindium (In(CH3 )3 , TMIn) and arsine (AsH3 ) precursor sources. As a carrier gas,
H2 is used at a constant flow of 1200 ml/min and a pressure of 100 mbar for the
whole process. During heating to the growth temperature, a constant flow of arsine
at a partial pressure of 8.2 × 10−2 mbar is kept. Typical growth temperatures are
between 420 ◦ C and 465 ◦ C. As the growth temperature is reached, TMIn is intro4

0.01% concentration, supplier: BBI Solutions.
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duced, which initiates the growth. The partial pressure of TMIn is 1.5 × 10−3 mbar.
After the growth sequence, the TMIn source is closed and the reactor is cooled down
to 150 ◦ C after which the arsine source is turned off. Keeping the flow of H2 , the
system is cooled down further to 80 ◦ C. The process is finalized by turning off the
carrier gas and purging with N2 .
The shape of the nanowires strongly depends on the growth conditions such as the
partial pressures of the precursors, the growth temperature and the growth time. For
the given partial pressures, a growth time around 15 min and a growth temperature
of ϑ = 440 ◦ C was found to yield nanowires with satisfactory dimensions for further
processing. Figure 3.4 shows scanning electron microscope (SEM) images of the
obtained nanowires for two different Au nanoparticles dilution ratios. The diameter
of the Au particles was d = 40 nm. The inset of Fig. 3.4(a) shows a close-up to the
tip of a nanowire, where the Au catalyst can be recognized. The nanowires have
lengths of up to 20 µm and typical diameters of around 100 nm at the center of the
nanowire. A slight tapering gives a difference of the diameters of about 10 nm/µm
along the nanowire.
For all the growth runs, no attempts for intentional doping have been performed.
Nevertheless, the resulting nanowires are found to be always n-type. Charge carriers
could originate from a surface accumulation layer due to the pinning of the Fermi
energy in the conduction band, known for bulk InAs [58], or from unintentional
doping due to the carbon contained in the precursors. The lack of control on the
dopants could be the reason that nanowires below diameters of ∼ 70 nm are observed
to be pinched-off at zero gate voltage and at low temperatures. These findings are
in agreement with previously reported observations on nanowires grown under the
same conditions [56].

(b)

(a)

Figure 3.4: (a) SEM image of the as-grown nanowires for a nanoparticle dilution
ratio of 1:4. The view is tilted by an angle of 30◦ with respect to the horizontal
plane. Scale bar is 2 µm. Inset: Close-up to the tip of a nanowire with the Au
catalyst. Scale bar is 50 nm. (b) Nanowires from the same growth run using an
undiluted colloid solution. Scale bar is 2 µm.
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3.1.3

Crystal structure

Catalytically grown nanowires by MOVPE are reported to be crystalline with welldefined crystal facets on the edges [48]. Figure 3.5(a) shows a top view of three
nanowires of the above described growth run. It can be seen that the cross-sections
of the nanowires are perfectly hexagonal. The two maximally packed structures
yielding this structure in the h111i direction of the substrate are the zinc-blende
and the wurtzite structure. High-resolution transmission electron microscope (TEM)
images of the obtained nanowires as shown in Fig. 3.5(b) indicate a wurtzite crystal
structure, in agreement with reported observations for similar growth recipes [47, 56].
This is in contrast to bulk InAs, which exhibits zinc-blende crystal structure and
has been explained by a model where the wurtzite structure is slightly favoured in
terms of formation energy for a VLS process with the nucleation taking place at the
vapour-liquid-solid triple-phase interface [59].
(b)

(a)

100 nm

Figure 3.5: (a) SEM image with a top view of three nanowires grown in the same
growth run like Fig. 3.4. The cross-sections exhibit a hexagonal shape. The Au
catalyst can be recognized on top of the rightmost nanowire. (b) High-resolution
TEM image of a nanowire grown with the same recipe and in the same reactor as
in (a). The crystalline structure as well as a native oxide layer can be recognized.
TEM image courtesy of F. Gramm, ETH Zurich.

In most cases however, the InAs nanowires are not truly single-crystalline over
the whole length of the nanowire. This is due to the fact that the zinc-blende and the
wurtzite structures are rotational twins with comparable potential energies. Thus
for general nucleation conditions, both structures are energetically likewise afforded
to form during growth. The growth of zinc-blende or wurtzite nanowires can be controlled by adjusting the growth parameters [60], the choice of the catalyst [61] or the
growth substrate [48, 56]. The two structures are shown schematically in Fig. 3.6(a)
and (b). The zinc-blende structure is based on a fcc-lattice with a two-atomic basis
whereas the wurtzite structure is a hcp-lattice with two-atomic basis. The difference
becomes clear when representing the structures along the [111] direction, where the
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[111] direction is effectively the [0001] c-axis for the wurtzite structure. The zincblende structure has a ABCABC layer stacking sequence, whereas the wurtzite
structure has a sequence of ABAB. Thus, the two structures are simply related
by a rotation of a single crystal plane by 180◦ . In fact, it has been shown that
the growth of nanowires along the [111] direction indeed facilitates the formation of
stacking faults where the crystal structure changes between zinc-blende and wurtzite
and vice versa [47, 48, 62]. This can be seen in the TEM image in Fig. 3.6(c), where
a part of a nanowire with stacking faults is shown. Nevertheless, the nanowires obtained with the described recipe exhibit wurtzite structure without stacking faults
on typical length scales of up to 1 µm [56]. Another feature observed in the TEM
images of Fig. 3.5(b) and Fig. 3.6(c) is an amorphous layer of native oxide of a few
nm thickness on the surface of the nanowires. For the fabrication of Ohmic contacts,
this layer has therefore to be removed prior to the evaporation of the metal. The
procedure for the oxide removal is described in Chap. 4. On the other hand, the
native oxide can be used as a gate insulator to obtain top gate defined QDs in the
nanowire [63].
(b)

(a)
zb

(c)
wz

Figure 3.6: (a) Crystal structure of the zinc-blende structure in [111] direction.
Small and large circles depict the two atom species. (b) Same for the wurtzite
structure. The [111] direction corresponds to the [0001] c-axis of the hcp lattice.
Figures (a) and (b) reprinted from [64]. Copyright (2010) by The American Physical
Society. (c) TEM image of a part of a nanowire with stacking faults. Figure reprinted
from [57]. Image courtesy of F. Gramm, ETH Zurich.

The fact that the obtained nanowires exhibit a wurtzite crystal structure has to
be considered when taking into account quantities arising from the band structure.
Experimentally, band structure quantities of wurtzite InAs are not well known, since
bulk InAs always appears in the zinc-blende structure. A general statement about
the properties of wurtzite and zinc-blende structures can be given considering the
crystal symmetries. The point group of the wurtzite structure is the hexagonal
C6v group with 12 symmetry operations whereas zinc-blende has the tetrahedral
Td point group with 24 symmetry operations [65]. The reduced symmetry of the
wurtzite compared to the zinc-blende structure leads to enhanced interactions, which
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becomes evident when treating for example the spin-orbit (SO) interaction for both
structures (see Sec. 3.2).
Band structure calculations for wurtzite InAs have been performed for example
using pseudopotentials including SO-interaction [64]. It was found that wurtzite
InAs has a direct band gap of Eg = 0.48 eV at the Γ-point and a SO-split-off
band with a SO-gap of ∆0 = 379 meV. The theoretical result for Eg is in good
agreement with experimental values obtained by photoluminescence [66] and photocurrent [67] spectroscopy. The effective mass of the electrons in the conduction
band is anisotropic with m∗k = 0.06me (me the free electron mass) along the c-axis
and m∗⊥ = 0.042me in the plane perpendicular to the c-axis. In addition, the effective g-factor g ∗ is also anisotropic for the wurtzite structure [68]. The relevant
quantities are summarized together with the values for zinc-blende InAs in Tab.3.1.

Eg
∆0
m∗
g∗

zinc-blende
wurtzite
0.42 eV
0.48 eV
380 meV
379 meV
∗
0.023me
mk = 0.06me , m∗⊥ = 0.042me
∗
−14.7
gk∗ = −13.8, g⊥
= −8.1

Table 3.1: Table summarizing the relevant band structure quantities for zinc-blende
and wurtzite InAs. Values taken from [1] and [64]. Note that the zinc-blende
quantities are experimental values whereas theoretical values are listed for wurtzite.
Effective g-factors for the wurtzite structure taken from [69].

Overall, the relevant quantities for the two structures are comparable. The important finding is that for both zinc-blende and wurtzite, the band gap and the
effective masses of the electrons in the conduction band are in part much smaller
than corresponding values for GaAs (EgGaAs = 1.42 eV, m∗GaAs = 0.067me ). The
smaller band gap relates to the strong SO-interaction experienced by the electrons
in the conduction band (Sec. 3.2). The small effective mass is especially interesting
for low-temperature experiments on QDs, since quantum confinement energies generally scale with ∼ 1/m∗ for a given size of the system. Since the values of m∗ for
wurtzite InAs are theoretical values, the value for zinc-blende InAs will be used for
estimations in the following chapters. Furthermore, the effective g-factor is remarkably large compared to g ∗ = −0.44 of GaAs, yielding larger Zeeman splittings at
similar magnetic fields. Another characteristic of bulk InAs is that the Fermi energy
is pinned in the conduction band at the surface [58]. Together with the small band
gap, this prevents the creation of Schottky contacts and facilitates the realization of
transparent Ohmic contacts without the need for elaborate annealing schemes [56].
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3.2

Spin-orbit interaction

One of the prominent properties of InAs is the strong SO-interaction which makes
the material appealing for spintronics applications [70, 71]. In the following, we give
a short discussion of the SO-interaction in InAs nanowires and its implications for
QD states.
The spin of a free electron only couples to the magnetic field through the Zeeman
interaction and is independent from the orbital motion. In an atom however, where
the electron moves in the Coulomb potential of the nucleus, the orbital and spin
degrees of freedom are coupled through SO-interaction. This coupling orginates
from the relativistic transformation of fields, where the electric field of the nucleus
is seen as a magnetic field by the moving electron in its rest frame. The fields
transform as B ∝ v × E, with B and E the magnetic and electric field, respectively,
and v the velocity of the electron. The effective magnetic field is thus perpendicular
to the motion of the electron. Accordingly, the SO-Hamiltonian reads [1]
HSO =

1
(p × ∇V (r)) S,
2m2e c2

(3.1)

where p is the momentum of the electron, V (r) the Coulomb potential, and S = ~2 σ
the electron spin with σ = (σx , σy , σz ) the Pauli matrices. For a spherically symmetric potential, Eq.(3.1) yields HSO ∝ L · S with L = r × p the orbital angular
momentum. Thus, the spin of the electron is coupled to the orbital angular momentum by the SO-interaction. Furthermore, since the SO-Hamiltonian of Eq.(3.1)
is proportional to ∇V (r), the interaction is stronger for heavier atoms with higher
atomic numbers Z.

3.2.1

Bulk SO-interaction

For semiconductors, the SO-interaction is accordingly expected to be stronger for
material systems made out of heavier elements, such as InAs or InSb, compared to
for example Si or GaAs. Moreover, the band structure can be altered significantly
by the SO-interaction by lifting parts of the degeneracies of the bands. This yields
for example the so-called SO-split-off band, which is lowered from the valence band
by the SO-gap ∆0 . For InAs, the SO-gap is ∆InAs
= 380 meV, slightly larger than
0
GaAs
for GaAs with ∆0
= 340 meV [1]. Using the k · p-method, the SO-Hamiltonian
is derived to lowest order in ∆0 /Eg as [72, 73]
HSO ≈

2e ∆0
(p × ∇V (r)) S,
3 m∗ Eg2

(3.2)

with m∗ the effective mass of the electrons around the conduction band minimum
and Eg the band gap. Thus, the SO-interaction is enhanced for narrow gap semiconductors such as InAs compared to for example GaAs, although the SO-gaps
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are comparable. Another remarkable material is InSb, which has a SO-gap of
∆InSb
= 820 meV and an even smaller band gap than InAs [1].
0
Additional modifications of the band structure arise from the particular symmetry of the crystal lattice. In systems with both time-reversal and spatial inversion
symmetry, the bands are spin degenerate, such that E↑ (k) = E↓ (k). If spatial inversion symmetry is broken, only the Kramers doublet E↑ (k) = E↓ (−k) arising from
time-reversal symmetry, is kept. It should be noted that in the presence of SOinteraction, {↑, ↓} are not anymore pure spin, but general quantum numbers taking
into account the total angular momentum J = L+S. Crystal structures with broken
spatial inversion symmetry, also termed as systems with bulk inversion asymmetry,
are for example the zinc-blende or the wurtzite structure, where thus spin splitting
at zero magnetic field can occur. For zinc-blende systems, the SO-Hamiltonian reads
[1]
D,zb
HSO
= β[px (p2y − p2z )σx + py (p2z − p2x )σy + pz (p2x − p2y )σz ],
(3.3)
with β a coupling constant and x, y, z the crystallographic directions [100], [010],
D,zb
and [001], respectively. The Hamiltonian HSO
is known as the Dresselhaus term
of the SO-interaction. For the wurtzite structure, the Dresselhaus term is given by
[74, 75]

D,wz
(3.4)
HSO
= λ[p × c] · σ + λl (p · c)2 + λt (p × c)2 [p × c] · σ,

with c the unit vector along the [0001] c-axis of the wurtzite crystal. λ is the coupling
constant for the linear contribution, whereas λl and λt are the longitudinal and the
transverse coupling constants of the third-order contributions, respectively. Since
the Dresselhaus terms originate from spatial symmetry breaking, the hierarchy in
symmetry mentioned in Sec. 3.1.3 should be reflected in the SO-Hamiltonians. In
fact, the reduced symmetry of the wurtzite C6v point group compared to the zincD,wz
blende Td point group leads to the appearance of linear contributions in HSO
,
D,zb
whereas HSO
contains only third-order contributions [74, 75].

3.2.2

SO-interaction in nanowires

In low-dimensional systems, confinement can lead to additional terms of the SOinteraction. A prominent example is the GaAs/AlGaAs heterostructure 2DEG
where the asymmetric quantum well at the interface produces a built-in electric
field. This structure inversion asymmetry leads to the so-called Bychkov-Rashba
term of the SO-interaction [1, 73]. In nanowires, the strong radial confinement provides a structure inversion asymmetry at the edges leading to a Bychkov-Rashba
D,wz
contribution to the SO-interaction. Since the terms of HSO
mainly couple the spin
to transverse electron momenta, higher-order terms of the Dresselhaus contribution
become relevant for transport along the axis of wurtzite nanowires. In general, the
SO-interaction can be expressed to first order by [22, 75–77]
HSO = (p · c)(γ · σ),
24
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without specifying explicitly the contributions of Bychkov-Rashba and Dresselhaus
terms. γ = (γx , γy , γz ) is a vector of coupling constants into which a soft confinement
in all three spatial directions can be incorporated. Experimentally, the specific form
of γ might however not be known exactly. Another convenient parameter to quantify
the strength of the SO-interaction is the SO-length lSO , which gives the length scale
upon which the spin is rotated by an angle of π due to the SO-interaction [78]. In
GaAs, lSO is in the range of a few µm [79], whereas in InAs lSO = 50 − 200 nm (see
Chap. 5).
Finally, other contributions to the SO-interaction besides the bulk inversion
asymmetry and the structure inversion asymmetry at the edges could originate from
strain, surface states or stacking faults along the nanowire [75].

3.2.3

SO-interaction in QDs

Given the length scale lSO , spins in a QD with size lQD < lSO should intuitively not
be influenced by the SO-interaction. In fact, since the average momentum for bound
states hpx i = hpy i = hpz i = 0, it follows that [78]
hnl ↓ |HSO |nl ↑i ∝ hnl|px,y,z |nlih↓ |σx,y,z | ↑i = 0,

(3.6)

with |nli the orbital states of the QD. Hence, the Zeeman-split states of the QD
are not coupled directly by the SO-interaction. As mentioned above, the states
of the QD are however admixtures of spin and orbital states in the presence of
SO-interaction. For a Zeeman splitting smaller than the orbital level spacing, the
admixed states are expressed to first order by [78]
|nl ↑iSO = |nl ↑i +

hn′ l′ ↓ |HSO |nl ↑i ′ ′
|n l ↓i,
Enl − En′ l′ − ∆EZ
n′ l′ 6=nl
X

(3.7)

with Enl , En′ l′ the orbital energies and ∆EZ the Zeeman splitting without SOinteraction. The state |nl ↓iSO is formed accordingly with “↑”→“↓”. Thus, the
SO-Hamiltonian HSO couples states with different orbital and spin parts.
Whereas an electric field can not couple pure spin states, it can couple the
admixed states of Eq.(3.7). The most relevant source of fluctuating electric fields are
phonons, which can therefore give rise to spin relaxation [78]. Since the relaxation
occurs between two Zeeman split QD levels, the relaxation rate depends on the
phonon density of states at the Zeeman energy and on the electron-phonon coupling.
The fact that the admixed spin states can be coupled by electric fields enables
the realization of a so-called SO-qubit [24], where coherent rotation of a single spin is
achieved by an oscillating electric field instead of a magnetic field. The manipulation
of a single spin by electric fields and the effect of the SO-interaction on DQD states
are treated in Chap. 8.
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3.3

Conclusion

We have presented the growth scheme for the InAs nanowires used in this thesis.
The growth is accomplished using MOVPE. The microscopic process is explained
by catalytic growth based on the VLS mechanism. Crystalline InAs nanowires of
several µm length and with diameters around 100 nm were successfully grown. The
wurtzite crystal structure of the resulting nanowires is examined and compared to
the zinc-blende structure of bulk InAs. In addition, we have discussed the strong
SO-interaction as a prominent property of InAs and considered its implications on
QD spin states. Several properties like the intrinsic low-dimensionality, the narrow band gap, the small effective mass, the large effective g-factor and the strong
SO-interaction position InAs nanowires as an exceptional platform for fundamental
research and as a promising material system for nanoelectronics applications.
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Sample fabrication and
measurement setup
In this chapter, we describe the key elements of sample fabrication using nanolithography
methods. The procedure to obtain highly transparent Ohmic contacts to the nanowire is
presented. The chapter is finalized by a short description of the electronic and cryogenic
components of the measurement setup used throughout this thesis.

4.1

Sample fabrication

In order to perform transport measurements and to create further confinement inside
the as-grown nanowires, additional top-down lithography techniques are required. A
comprehensive description of the state-of-the-art processing methods can be found
for example in [1]. Here, we focus on the description of electron beam lithography,
which is used extensively for all the samples presented in this thesis.

4.1.1

Electron beam lithography

The basic principle of electron beam lithography is analogous to the well-known
optical lithography process heavily used in semiconductor industry. There, a photosensitive polymer resist is exposed selectively to UV light using various predefined
masks. The resist at the exposed sites is removed by using an appropriate developer
and yields the pattern for subsequent etching or metal deposition. For the presented
samples, optical lithography was used to define large Ohmic contacts (Chap. 5), the
mesa structure of the GaAs/AlGaAs heterostructure 2DEGs (Chap. 6 and Chap. 7),
and the bond pads and markers of the Si substrates used for the graphene/InAs
hybrid structures (Chap. 8). The resolution of optical lithography processes are basically limited by the wave length of the UV light and is > 0.5 µm for the used mask
aligner (Karl Süss, MJB3).
In contrast, a focused electron beam can be used instead of the UV light to write
a pattern in an appropriate resist. The electrons originate from a 30 kV source
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with a beam size < 2 nm at the waist. A laser interferometer stage offers a high
positioning accuracy with a resolution of 1 nm. The advantage of the electron beam
lithography process compared to optical lithography is the higher resolution down
to sub-10 nm feature sizes and a greater flexibility for the exposed structure design,
since the patterns are software designed and digitally passed to the electron beam
system (Raith150Two) for each exposure.
e

PMMA
P(MMA/MAA)

MIBK/IPA

Substrate

Ti/Au

Acetone/IPA

Figure 4.1: Schematic illustration of a typical electron beam lithography process for
the fabrication of metal electrodes. The double layer resist is exposed selectively by
an electron beam. The exposed areas are removed using a developer (MIBK/IPA).
The metal (here Ti/Au) is deposited by electron beam evaporation in a physical
vapour deposition system (Plassys II) followed by lift-off in hot acetone (50 ◦ C).
The scheme of a typical electron beam lithography process for the deposition
of metal electrodes is illustrated in Fig. 4.1. The resist used for all electron beam
lithography processes in this thesis is based on polymethyl methacrylate (PMMA,
supplier: MicroChem) or the copolymer P(MMA/MAA) in different solutions in
solvents such as ethyl lactate or chlorobenzene. For metal deposition processes, the
substrate is spin-coated with a double layer stack of P(MMA/MAA) and PMMA.
Electron beam irradiation breaks the chains of the PMMA molecules which reduces
the molecular weight of the PMMA at the sites of irradiation. The molecules with
reduced weight are then readily removed by a developer. PMMA is therefore a
positive resist in this process. As a developer, a solution of methyl isobutyl ketone
and isopropyl alcohol (MIBK/IPA) is used.
A crucial parameter for the exposure is the dose given by the charge per area
(µC/cm2 ). The extent of the effectively exposed area and thus the final dimensions
of the nanostructures depend sensitively on the dose of the exposure. Special care
has to be taken regarding the proximity effect due to secondary electrons, when
exposing large structures in close vicinity to each other. Irradiation at too high
doses can lead to cross-linking of PMMA molecules, such that networks of large
molecules are formed turning the PMMA effectively into a negative resist [80]. For

28

4.1. Sample fabrication

conventional lithography processes, this has to be avoided since cross-linked PMMA
can not be removed anymore by common solvents such as acetone or N-Methyl-2pyrrolidone (NMP). On the other hand, cross-linked PMMA can be used to obtain
a patterned gate insulator (see Chap. 7).
The reason for the choice of the double layer resist stacking is to obtain an
undercut profile, which facilitates the lift-off of the deposited metal. The undercut
profile is achieved by the fact that the dissolution rate of the copolymer is higher than
for PMMA. The metal is deposited by electron beam evaporation followed by lift-off
using hot acetone (50 ◦ C). A similar scheme using a single layer resist of PMMA is
employed for the fabrication of etching masks. Wet etching broadens the developed
features due to creeping in of the etching solution below the resist. This effect can
be reduced to a certain amount by using a reflow step of short heating above the
glass transition temperature of PMMA. In contrast, a highly anisotropic etching
method is reactive ion etching, which is used to pattern graphene nanostructures.
However, this has the drawback that long etching times lead to cross-linking of the
PMMA. Experimentally, it is furthermore found that reactive ion etching degrades
the sample quality by inducing additional charge traps.
For the presented samples, electron beam lithography is used to obtain Ohmic
contacts to the nanowires and graphene, top and bottom finger gates, trenches in
GaAs/AlGaAs heterostructure 2DEGs, constrictions in nanowires and graphene,
and for pads of cross-linked PMMA.

4.1.2

Ohmic contacts

The band structure properties of InAs facilitate the formation of highly transparent
Ohmic contacts, as discussed in the previous chapter. A specific process is therefore only required to remove the native oxide prior to the metal evaporation. The
oxide layer can be etched for example by using a buffered hydrofluoric acid (HF)
solution [56]. Besides the safety issues concerning hazardous tissue contact, rapid
reoxidation poses an additional obstacle. The choice of a diluted ammonium polysulfide ((NH4 )2 Sx ) solution was found to give a good recipe offering a single-step
etching/passivation procedure [81]. The passivation of the surface prevents reoxidation of the etched surface during the transfer from the wet bench to the evaporation
chamber. Furthermore, the etching rate of the substrate is low, such that the recipe
can safely be used on Si/SiO2 and GaAs surfaces. In the latter case however, a small
leakage between the Ohmic contacts and the GaAs/AlGaAs heterostructure 2DEG
of the substrate is observed (see Chap. 6).
Figure 4.2(a) and (b) show optical microscope images of two samples where the
nanowire was contacted using optical lithography and electron beam lithography,
respectively. The nanowires are transferred onto a Si/SiO2 substrate by gently
brushing with the tip of a piece of clean room paper first on the growth chip and
subsequently on the substrate. The substrate consists of degenerately p-doped Si
covered by 295 nm of thermally grown SiO2 . We find that this transfer method is
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(a)

(b)

Figure 4.2: (a) Optical microscope image of a nanowire contacted by optical lithography. The contact separation is ≈ 1.4 µm, the scale bar is 10 µm. (b) Optical
microscope image of several nanowires contacted by electron beam lithography. The
scale bar is 10 µm. The nanowires are deposited onto a Si/SiO2 substrate for both
samples. Inset: SEM image of a contacted nanowire. Scale bar is 400 nm.

reliable in terms of coarse positioning of the nanowires on the substrate without
considerably harming the surface. Spin coating the resist can move or straighten
bended nanowires, which has to be taken into account when drawing the mask for
electron beam lithography. The fabrication is significantly simplified by the fact that
typical nanowires with diameters around 100 nm are well visible in an optical microscope with ×200 magnification. Thus, the nanowires can be located and aligned
directly using a mask aligner for optical lithography. In the case of electron beam
lithography, the structures can be designed based on optical microscope images, if
the structures are not too small.
The advantage of the optical lithography is the comparably simple process, which
is useful for a fast characterization of for example newly grown nanowires. However, not more than usually only one nanowire can be contacted per exposure due
to the fixed optical mask. Electron beam lithography on the other hand, offers
the possibility to contact many nanowires in a single exposure, as can be seen in
Fig. 4.2(b). The ammonium polysulfide treatment gives reliable Ohmic contacts
with reproducible contact resistances < 100 Ω for both optical and electron beam
lithography processes.
The fact that it is remarkably simple to obtain highly transparent Ohmic contacts has enabled the observation of a supercurrent in InAs nanowires with Al contacts [82, 83] and the realization of a Cooper-pair splitter [84]. The possibility to
induce superconductivity together with the strong SO-interaction have been key elements in proposals to realize Majorana fermions in InAs nanowires [13, 85]. In
fact, superconductor-InAs/InSb nanowire hybrid structures are presently an active
platform for the experimental realization of Majorana fermions [15–17, 86].
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4.2

Measurement setup

All measurements presented in this thesis aim to access the quantum properties of
semiconductor nanostructures. This is achieved by measuring the electronic transport at low temperatures. Since the involved currents are usually small (. 10 nA),
special care has to be taken about the measurement electronics. Even if the sample
dimensions are on the nm scale, quantum effects typically appear below liquid helium temperatures. The measurments are therefore performed in various cryostats
allowing to reach temperatures down to . 100 mK. In the following, we give a short
description of the electronics and cryogenics components used in this thesis.

4.2.1

Electronics

In order to measure the electronic transport properties, two main approaches are
used depending on the resistance of the samples. For high impedance samples (Rs ≫
h/e2 ) such as QDs and graphene nanoribbons, a home-built current-to-voltage (I/V)converter was used, as shown in Fig. 4.3(a)1 . A DC bias Vbias is applied across the
sample with resistance Rs . The current is measured by the I/V-converter consisting
of an operational amplifier (OPA627) and a variable feedback resistance RF ranging
typically between 1 MΩ and 100 MΩ. The amplification is given by the feedback
resistance through Vout = RF Vbias /Rs . The shunt capacitance CF stabilizes the
feedback and reduces the capacitive noise gain. A more detailed treatment of the
noise performance and bandwidth issues is given in Chap. 6.
(a)

(b)

RF

-

CF

Vout

+
Vbias

Vi
~

10 MW

RS

mV
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Figure 4.3: (a) Schematic illustration of a resistance measurement using an I/Vconverter, depicted by the dashed box (adapted from [87]). The sample is shown in
grey. Cable capacitances are neglected. (b) Illustration of a four-terminal resistance
measurement using a lock-in amplifier (adapted from [88]).

Lock-in techniques are used for low impedance samples (Rs < h/e2 ), such as
bulk graphene or unpatterned nanowires. The corresponding setup is shown in
1

I/V-converter built by P. Studerus.
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Fig. 4.3(b). An AC voltage Vi is applied across a resistor of for example R = 10 MΩ
at the output of a lock-in amplifier (Stanford SR830). Typical modulation frequencies of the AC voltage are between 10 Hz and 100 Hz. If the sample resistance Rs
is significantly smaller than R, the current through the sample is determined by
Is = Vi /R, thus establishing a constant current measurement. In a four-terminal
configuration, the voltage drop across the sample is measured by two separate contacts by the lock-in amplifier. The four-terminal configuration allows to measure
the sample resistance without cable and contact resistances. The lock-in technique
has the advantage that the lock-in amplifier detects the voltage at the modulation
frequency and noise at other frequencies is therefore suppressed.

4.2.2

Cryogenics

We performed low-temperature measurements in three different kinds of cryostats.
Basic characterization measurements are performed using a 4 He bath cryostat where
the sample holder is immersed into a dewar of liquid 4 He, allowing measurements
at T = 4.2 K. In addition, the system is equipped with a superconducting magnet
reaching a magnetic field of 5 T.
Lower temperatures can be reached by using a variable temperature insert (VTI)
in a pumped 4 He system. Here, the sample holder is separated from the main 4 He
bath by a vacuum chamber. A capillary with adjustable needle valve connects the
sample space with the outer 4 He bath and establishes a continuous flow of liquid 4 He
into the sample space. Pumping on the sample space leads to evaporation of the 4 He
and allows to reach temperatures of about T = 1.5 K. The VTI used for most of the
measurements in this thesis is equipped with a 9 T superconducting magnet. An
additional heater in the sample space allows to vary the temperature almost up to
room temperature. The measurements in Chap. 7 were performed in a home-built
VTI2 which is modified in such a way that it can be fit into a standard 4 He dewar.
The advantage is that the precooling steps using liquid nitrogen are not needed and
the base temperature can be reached in less than 1 hour. The drawback is that the
measurement time is limited to the amount of 4 He contained in the dewar, which
lasts around 1 week for a standard 65 l dewar.
The lowest temperatures for the experiments in this thesis are reached by a
3
He/4 He dilution refrigerator3 . A schematic representation of the dilution refrigerator used in this thesis with its base components is shown in Fig. 4.44 . The operation
principle relies on the particular phase diagram of the 3 He/4 He mixture. Below a
critical temperature of 0.86 K, the mixture undergoes a phase separation into a 3 Herich “concentrated” phase and a 3 He-poor “diluted” phase. The 4 He of the diluted
phase becomes a superfluid below a temperature of 2.2 K and the 3 He can therefore
2

Built by C. Barengo.
This paragraph is in line with [89], where a comprehensive description of dilution refrigerators
can be found.
4
Kelvinox system by Oxford Instruments.
3
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Figure 4.4: Schematic illustration of the dilution refrigerator used in this thesis.
The different phases of the 3 He/4 He mixture as well as gas and liquid phases are
depicted by different colors. The 1 K pot is operated by pumping 4 He from the main
4 He bath. Outer and inner vacuum chambers (OVC/IVC) separate the respective
parts. The circulation proceeds as described in the main text. Heat exchangers cool
the returning flow of the mixture by the mixture leaving the mixing chamber. The
4 He main bath is surrounded by a liquid N jacket. Figure adapted from [89].
2

move within the 4 He without any friction. Thus, the concentrated and the diluted
phase of the mixture can be seen as liquid and gaseous 3 He, respectively. A transfer
of a 3 He atom from the concentrated into the diluted phase then effectively corresponds to an ‘evaporation’ leading to cooling due to the difference in the enthalpy of
the 3 He in the two phases. The volume and the ratio of the mixture is adjusted such
that the phase boundary between the concentrated and the diluted phase lies inside
the mixing chamber. Due to its lower density, the 3 He-rich concentrated phase is
positioned above the diluted phase. The pumping of the 3 He atoms through the diluted phase is achieved by pumping on the still, where the liquid surface is located.
The vapour pressure of 3 He is much higher than for 4 He at the still temperature of
∼ 0.7 K, such that mainly 3 He is evaporated. The still is also the first site where
the temperature falls below the critical temperature of phase separation in an initial
cool down. The pumped 3 He gas is cleaned by passing filters and cold traps and
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condensed in the 1 K pot from where it is fed back to the concentrated phase in the
mixing chamber, closing the cycle. This way, a base temperature of . 100 mK can
be reached. The sample is mounted below the mixing chamber, where the lowest
temperature is reached. The cryostat is equipped with a superconducting magnet
reaching a magnetic field of 12 T in continuous operation.

4.3

Conclusion

We have presented the basic procedures of sample fabrication using optical and electron beam lithography. The methods can be used to fabricate Ohmic contacts, finger
gates and etching masks. We have described the scheme to obtain highly transparent
Ohmic contacts for InAs nanowires by using a diluted ammonium polysulfide etching/passivation procedure. Finally, the electronics and cryogenics components of
the measurement setup used for all subsequent measurements have been presented.
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Chapter 5
Interference effects in InAs
nanowires
In this chapter, we present measurements of interference effects in individual back-gated
InAs nanowires. Universal conductance fluctuations are measured as a function of the
magnetic field and the gate voltage. The autocorrelation function of the conductance
fluctuations allows to extract quantities such as the correlation field and the coherence
length. Due to the strong SO-interaction in InAs, a weak antilocalization correction of
the Drude conductivity is observed. The gate voltage dependence, diameter dependence,
as well as the angle dependence of the weak antilocalization correction are investigated
in detail. The results of this chapter have been published in [90].

5.1

Introduction

Interference effects due to the wave nature of the electrons lead to quantum mechanical corrections to the Drude result of the conductivity for diffusive transport
[28]
ne2 τ
,
σ=
m∗

(5.1)

with n the electron density, e the electron charge, τ the elastic scattering time, and
m∗ the effective mass of the electron. These corrections can be observed in phase
coherent transport if the system size L becomes comparable to the phase coherence
length: L ≈ lφ . This regime can readily be reached in low-temperature transport
measurements of semiconductor nanostructures. In the following, we give a short
summary of the concepts of such quantum mechanical interference corrections to
the Drude result which are presented in this chapter.
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5.1.1

Universal conductance fluctuations

In the diffusive transport regime (le ≪ L, W , le the elastic mean free path, W the
width and L the length of the sample) pronounced sample-to-sample fluctuations
of the conductance occur if phase coherence is maintained for the whole transport
across the sample [91]. This is in contrast to the classical expectation where the
sample-specific and average properties are equal. It was found by B. Al’tshuler,
P.A. Lee and A.D. Stone that the magnitude of these fluctuations is of the order of
e2 /h, independent of sample size and degree of disorder, provided that the transport
is phase coherent [92, 93]. The zero temperature expression for the root-mean-square
variation of the fluctuations is [28]
rms(G) =

p
gs gv −1/2 e2
Var(G) =
β
C ,
2
h

(5.2)

where gs and gv account for the spin and valley degeneracy, β = 1 at zero and β = 2
at finite magnetic field, respectively, and C is a constant of order unity, depending
on the geometry of the sample. This remarkable fact has led to the term Universal
Conductance Fluctuations (UCF). The UCF are not noise in the usual sense, since
they appear to be stable over time and are completely reproducible for a given
sample and upon changing the energy or the magnetic field.
The properties of the UCF can be understood by considering that the transmission coefficients in the Landauer formula of the conductance [31] depend on the
probability
X
Ap Ap′ exp(iWp − iWp′ )
(5.3)
p,p′

for traversing a disordered region, where Ap is the amplitude for the propagation
along the path p and Wp − Wp′ is the phase difference between the two paths p and
p′ [91]. This applies to classical trajectories in the metallic regime where kF le ≫
1 with kF the Fermi wave vector. For diffusive transport, (5.3) depends on the
particular impurity configuration in the disordered region. On the other hand, any
process which alters the phase factors in the exponent of (5.3) for a fixed impurity
configuration will lead to the same result as changing the impurity configuration.
This can be achieved by changing the magnetic field or the energy by applying a
gate voltage to the sample. Thus, one can define a correlation magnetic field ∆Bc
or a correlation energy ∆Ec , after which the phases in (5.3) become uncorrelated.
The autocorrelation function
F (∆B) = h[G(B + ∆B) − hG(B + ∆B)i][G(B) − hG(B)i]i

(5.4)

determines the correlation field (or energy) through the relation F (∆Bc ) = F (0)/2
(or F (∆Ec ) = F (0)/2 for the correlation energy). h· · · i is an ensemble average. The
correlation field ∆Bc is found to be [28, 91]
∆Bc = C
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for the 1D case where W < lφ < L. C is a constant decreasing from 0.95 for lφ ≫ lT
to 0.42 for lφ ≪ lT . lT = (~D/kB T )1/2 , with D the diffusion constant, is the thermal
length and gives the length scale beyond which the phase correlation is lost due to
energy averaging in a window of kB T around the Fermi energy EF .
Since the UCF arise from quantum mechanical interference of the different electron trajectories, they are attenuated as the temperature is increased. The temperature dependence is given by [94]
gs gv
rms(G) =
2

r

12 e2
β h

 3/2 "
 2 #−1/2
lφ
9 lφ
,
1+
L
2π lT

(5.6)

with W < lφ < L. This is an interpolation formula which takes into account
the two different T -dependent length scales lφ and lT which are relevant for the
temperature dependence of the UCF. For lφ ≪ lT , the sample can be thought of
a series connection of uncorrelated sections of length lφ and the UCF decay with
∝ (lφ /L)3/2 . For lφ ≫ lT , energy averaging has to be taken into account and the
1/2
UCF have a ∝ lT lφ /L3/2 dependence. If the correlation energy, Ec (lp ) = ~D/lp2 , is
defined as the energy for which the phase difference acquired along a path of length
lp is of the order of one, then Ec (lT ) = kB T , which results in the expression given
above for the thermal length lT .

5.1.2

Weak localization

Figure 5.1: Schematic illustration of a onedimensional diffusive sample in the dirtymetal regime. The relevant length scales
lφ > W > le are depicted in the figure. A pair
of time-reversed trajectories contributing to
the weak localization correction is shown.

The expression (5.3) contains a subset of trajectories with p = p′ which have
a fixed relative phase. These are time-reversed trajectories forming a closed loop
as shown in Fig. 5.1 giving rise to the Weak Localization (WL) correction to the
conductance at B = 0. If one considers only these backscattered trajectories with
p = p′ , then the return probability for such a time-reversed pair is given by
P = A+ + A−

2

2

2

= A+ + A− + A+∗ A− + A+ A−∗ ,

(5.7)

i.e. the absolute value squared of the sum of the probability amplitudes A+ and
A− for the two time-reversed trajectories [1, 28]. The first two terms on the right
hand side of Eq.(5.7) are the classical probabilities whereas the quantum mechanical
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interference is given by the last two terms. For B = 0, time reversal symmetry
implies that A+ = A− ≡ A and the return probability becomes 4 |A|2 , compared to
the classical result of 2 |A|2 . Thus at zero magnetic field, the quantum mechanical
interference of time-reversed trajectories enhances the backscattering probability
and reduces the conductance compared to the Drude result. The WL correction
depends on the dimensionality, where 1D WL is given by the condition W ≪ lφ
whereas in the 2D case W ≫ lφ for a sample of width W and length L. The
expression for the 1D WL correction is [28]
δG1D
WL

e 2 lφ
= −gs gv
hL





τφ −1/2
,
1− 1+
τ

(5.8)

with δG1D
to the Drude conductance G, the phase coherence
WL the WL correction
p
time τφ given by lφ = Dτφ , and τ the elastic scattering time with le = vF τ , vF the
Fermi velocity. The 2D correction is given by
δG2D
WL = −gs gv

e2 W 
τφ 
ln 1 +
.
2πh L
τ

(5.9)

The WL correction in 1D is enhanced compared to the 2D case, since the correction
δGWL /G is of the order of 1/kF le in 2D whereas the 1D correction is of the order
(1/kF le )(lφ /W ) where lφ ≫ W .
The WL correction is suppressed by the application of a finite magnetic field
perpendicular to the plane of the motion of the electrons, which gives a convenient
experimental tool to study this effect. A finite magnetic field breaks the time-reversal
symmetry between the trajectories A+ and A− and introduces a phase difference
I

Z
I
Φ
1
2S
2e
+
−
(5.10)
(∇ × A) · dS = 2 = 4π
∆φ =
p · dl −
p · dl =
~
~
lm
Φ0
+
−
between the time-reversed trajectories, with p the canonical momentum of the electron in a magnetic field, A the
pvector potential of the magnetic field, S the enclosed
area of the trajectories, lm = ~/eB the magnetic length, Φ the magnetic flux, and
Φ0 = h/e the flux quantum. The influence of the magnetic field on the WL is thus
given by the flux enclosed by the backscattered trajectories. For the trajectories
2
with S & lm
the phase difference is of order unity and the interference will not
anymore be constructive. The contribution of the different areas will thus average
2
out. The largest areas contributing to the WL are now of the order of lm
where
2
for B = 0 the largest areas were of the order of lφ . The phase coherence time τφ is
thus replaced by a new time scale τB , which is the magnetic relaxation time. The
expression for τB and thus the WL correction at finite magnetic field depends on
the dimensionality, as for B = 0, and on the relation between the mean free path le
and the channel width W . As the experimental data is on nanowires, only the 1D
case (W ≪ lφ ) is given in the following. For a 1D channel, the pure metal (le ≫ W )
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and the dirty metal (le ≪ W ) regime have to be considered separately. In the dirty
metal regime the magnetic relaxation time is [95, 96]
τB =

4
3lm
.
W 2D

(5.11)

The magnetic relaxation time determines the regime where the suppression of the
WL correction by the magnetic field becomes relevant through the condition τB ∼ τφ .
This defines the characteristic field
√
~ 3
Bc =
.
(5.12)
e W lφ
The B-dependence of the WL correction is given by
e2 1
δG1D
(B)
=
−g
g
s
v
WL
hL

1
1
+
2
lφ DτB

!−1/2

(5.13)

for the dirty metal regime with lφ , lm ≫ W ≫ le . As mentioned above, the WL is
more pronounced in 1D than in 2D. This can be seen for example in the expression
of the characteristic field which is enhanced by a factor of lφ /W compared to the
2D result Bc2D = ~/(2elφ2 ). The reason is that the lateral restriction in 1D reduces
the enclosed flux compared to equivalent trajectories in 2D (Fig. 5.1). For the pure
metal regime, le ≫ W , Eqs.(5.11, 5.12, 5.13) have to be modified due to the flux
cancellation effect leading to an enhancement of the characteristic field Bc . The
derivation and exact expressions are given in [96].
The expression of the characteristic field in Eq.(5.12) is very similar to the one
of the correlation field in Eq.(5.5) for UCF, since both treatments start from the
same Feynman path sum given by (5.3). Hence, both UCF and WL are coherent
interference effects simultaneously observable in a diffusive sample. The maximal
amplitude of the WL correction can be estimated from Eq.(5.8) to be of the order of
e2 /h. Since also the UCF have the universal amplitude of e2 /h it can be the case that
the WL correction is masked by the UCF. However, according to Eq.(5.6) the UCF
scale with (lφ /L)3/2 for lφ ≪ lT whereas the WL correction scales with (lφ /L), such
that the WL dominates the UCF for long samples. Alternatively, one can average the
experimental conductance traces over an ensemble of samples, the correlation field
∆Bc or the correlation energy ∆Ec to suppress the UCF. The WL correction is not
sensitive to ensemble averaging since the contribution of time-reversed trajectories
at B = 0 stays the same.

5.1.3

Weak antilocalization

The WL correction in Eq.(5.13) does not take into account the spin degree of freedom
of the electron’s wave function and the sum in Eq.(5.7) considers only interference of
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the orbital part of the wave functions. In material systems like InAs however, where
the SO-coupling is strong, the spin part of the wave function leads to an additional
correction to the Drude conductivity in Eq.(5.1) besides the WL correction treated
above. It was shown by S. Hikami et al. [97] that this correction due to SOcoupling has opposite sign compared to the WL correction, which has led to the
term Weak Antilocalization (WAL). The difference is basically due to the fact that
the spin operator of a spin-1/2-particle is a representation of su(2) and thus has
a periodicity of 4π. Thus upon a relative rotation of 2π, two spins being traveled
along time-reversed trajectories have opposite spin directions, leading to destructive
interference. This can be understood by considering the spin diffusing on the Bloch
sphere and calculating the interference contribution of the spin part of the wave
function, as shown by G. Bergmann [98].

Figure 5.2: Bloch sphere
showing the spin diffusion.
Reprinted from [98] with
permission from Elsevier.

During the transport along a closed trajectory, the spin of the electron is rotated
between and at the scattering sites by infinitesimal angles due to the SO-interaction.
This is shown in Fig. 5.2 where the spin |si is diffusing on the Bloch sphere. After
completing the respective trajectory, the spin ends up in a state |s′ i = R |si, where
stochastic rotations occuring along the trajectory add up to the rotation R. For the
time-reversed trajectory, one gets accordingly |s′′ i = R−1 |si. Thus, analogous to
the WL in Eq.(5.7), the return probability is given by
2

|s′ + s′′ | = 2 + hs′ |s′′ i + hs′′ |s′ i

(5.14)

If the SO-interaction is weak, the spin has not changed its direction along the trajectory and hs′ |s′′ i = hs|si = 1, which gives again the result for the WL correction. For
strong SO-interaction, however, the interference term gives hs′ |s′′ i = −1/2 and thus
|s′ + s′′ |2 = 1 [98]. Hence the interference is, in contrast to the WL case, destructive
and results in a positive magnetoresistance. This was first observed experimentally
by G. Bergmann on thin Mg films covered with evaporated submonolayers of Au [99].
There, the magnetoresistance of the film changed smoothly from negative (WL) to
positive (WAL) as the Au concentration and thus the strength of the SO-coupling
was increased.
√
The SO-coupling introduces the SO-length lSO = DτSO as a new length scale
after which the spin direction is randomized due to the diffusion on the Bloch sphere
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[100]. The regimes of WL and WAL are then characterized by the relative magnitude
of lSO and lφ where for lSO /lφ ≫ 1 WL dominates whereas WAL can be observed
for lSO /lφ ≪ 1. With this, the expression of Eq.(5.13) for the B-dependence of the
WL correction can be extended for the WAL case and gives [101]

!−1/2
!−1/2 
2
e 1 3 1
1
1 1
4
1

δG1D
−
+ 2 +
+
WAL (B) = −gs gv
2
2
h L 2 lφ 3lSO DτB
2 lφ DτB
(5.15)

for the 1D case (W ≪ lφ ) in the dirty metal regime (le ≪ W ).

5.1.4

Aharonov-Bohm effect

At finite magnetic field, the phase difference of Eq.(5.10) between time-reversed
trajectories leads to the suppression of the WL correction due to the averaging over
the different areas enclosed by the trajectories. In a ring geometry, however, the
area is fixed and Eq.(5.10) will lead to h/2e-periodic oscillations as a function of
the magnetic flux Φ. These oscillations are the first harmonic of the fundamental
h/e-oscillations, which occur due to the interference of the trajectories which travel
half-way around the ring, as shown in Fig. 5.3. This interference effect is known as
the Aharonov-Bohm (AB) effect [102], and the phases in Eq.(5.10) that the electron
wave functions acquire upon traveling in a magnetic field is the AB-phase. The
first harmonic h/2e-oscillations occur due to the interference of the time-reversed
trajectories completing one full revolution around the ring and thus are in close
relevance to the WL correction. The h/2e-oscillations are called Al’tshuler-AronovSpivak (AAS) oscillations [103] and were first observed in a long metal cylinder [104],
which is effectively a series connection of rings with the diameter of the cylinder. A
more detailed treatment of the AB effect is given in [1].

g1

xB
Figure 5.3:

g2

5.2

Schematic illustration of an
Aharonov-Bohm ring. The two trajectories
which lead to the h/e-oscillations are shown.
The homogeneous magnetic field B is applied
perpendicular to the plane of motion.

Sample and measurement setup

A typical sample like the ones used in the following sections is shown in Fig. 5.4.
The nanowires are deposited on top of a Si substrate with a thermally grown SiO2 41
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Figure 5.4: (a) Optical microscope image of a typical sample. The black spots
below the left Ohmic contact are nanowires which are randomly deposited together
with the contacted nanowire. Alignment markers and additional finger electrodes
which can be used to add for example top gates can be seen. (b) SEM image of the
same sample.

layer of a thickness of 295 nm. The degenerately p-doped Si is used as a back
gate. The contacts are fabricated by optical lithography and the evaporation of
Ti/Au electrodes. The Ohmic contact fabrication scheme is the same as described
in Chap. 4. The nanowires are contacted by four electrodes. This allows to extract
the contact resistances which reproducibly lie in the range of 100 Ω. The edge-toedge contact separation is typically around 2 µm and the contacts have a width of
2 µm.
The measurements are performed in a 4 He cryostat with a VTI. If not stated
differently, all measurements are performed at a temperature of T = 2 K. A superconducting magnet allows to apply a magnetic field up to 9 T. The chip carrier with
the sample is mounted into a sample holder with a revolvable chip socket. This is
used to vary the angle between the axis of the nanowire and the applied magnetic
field. Due to the high transparency of the Ohmic contacts, the measurements are
performed in a two-terminal configuration and thus each sample gives effectively
three nanowire segments with different diameters, which can be investigated separately.

5.3

Universal conductance fluctuations in InAs
nanowires

The measurement of UCF is a convenient way to investigate the phase coherent
properties of nanowires. UCF have been measured for example in InN nanowires
[105, 106], where the diameter and magnetic field orientation dependence of the
correlation field ∆Bc as well as the length dependence of the fluctuation amplitude
rms(G) was investigated [105]. In [106], the temperature dependence of the phase
coherence length lφ was extracted from corresponding UCF measurements. For InAs
42
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nanowires, measurements of UCF have been reported in [107–110]. Recently, the
same procedure of UCF measurements was employed to InSb nanowires to determine
the phase coherence length [111].
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Figure 5.5: (a) Back gate trace of the two-terminal conductance at B = 0 T. (b)
Measurement of the magnetoconductance fluctuations δGNW at Vbg = 15.1 V.

Figure 5.5(a) shows a back gate trace of the two-terminal conductance of a
sample like the one described in Fig. 5.4. The pinch-off voltage of the nanowire
is at Vbg ≈ −1.5 V. The diameter of the nanowire is d = 75 nm and the length
given by the edge-to-edge separation of the Ohmic contacts is L = 1.77 µm. Using
a field effect transistor model of a nanowire lying on top of a back gate [112], we
extract a field effect mobility of µ = 1773 cm2 /Vs. This gives an elastic mean
free path of le ≈ 36 nm, such that the transport is in the diffusive regime. A
typical magnetoconductance trace is shown in Fig. 5.5(b) where δG(B) = G(B) −
hGiB is plotted at a back gate voltage of Vbg = 15.1 V. The magnetic field is
applied perpendicular to the axis of the nanowire. Pronounced fluctuations of the
conductance symmetric in B and a WAL peak at B = 0 T can clearly be recognized.
The amplitude of the UCF is smaller than the theoretically predicted value of e2 /h,
but similar to the measurements reported for InAs nanowires [107, 109, 110].
Figure 5.6 shows the autocorrelation function F (∆B) = hδG(B + ∆B)δG(B)i
obtained from the data in Fig. 5.5(b). The magnetic field range of the magnetoconductance trace is restricted to [0.5, 4] T for the calculation of F (∆B) in order to
avoid the WAL peak for the subsequent analysis. F (∆B) has a peak at ∆B = 0
which decays upon increasing ∆B. It can be seen that F (∆B) does not decay to
zero but reaches negative values. This was observed before in InN nanowires [105]
and in split gate defined dots in a 2DEG of a GaAs/AlGaAs heterostructure [113].
However, for small values of ∆B which are relevant for the determination of the
correlation field ∆Bc , F (∆B) still gives the correct value for ∆Bc [114]. The condition F (∆Bc ) = F (0)/2 yields the correlation field ∆Bc = 123 mT. This gives using
Eq.(5.5) for the phase coherence length, lφ = 426 nm, with the proportionality constant in Eq.(5.5) set to C = 0.95. The thermal length is lT ≈ 330 nm for the gate
voltage and temperature range of the measurement in Fig. 5.5(b). With these length
scales, the root-mean-square variation of the fluctuations rms(G) can be estimated
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Figure 5.6: Normalized autocorrelation function of the magnetoconductance trace
in Fig. 5.5(b). The magnetic field range for the calculation of F (∆B) is restricted
to [0.5, 4] T. The dashed line marks the position where F (∆Bc ) = F (0)/2.
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using Eq.(5.6) (with β = 2, gs = 2, gv = 1), which gives rms(G)calc ≈ 0.16 · (e2 /h).
From the data in Fig. 5.5 however, we get rms(G)meas ≈ 0.025 · (e2 /h) which is much
smaller than the expected value inferred from Eq.(5.6). This can be explained by
the fact that the SO-interaction is not taken into account in the treatment of the
UCF in Sec. 5.1.1. Furthermore, for strong magnetic fields, the spin degeneracy
is lifted such that each spin channel gives a separate statistical contribution. In
the presence of strong SO-interaction and a strong magnetic field, the variance of
the magnetoconductance fluctuations Var (G) is in fact reduced by a factor of 1/8
compared to the zero-B-field amplitude of the fluctuations for systems with weak
SO-interaction [115–117]. This gives an estimation of rms(G)calc ≈ 0.078 · (e2 /h),
which is comparable to rms(G)meas .
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Figure 5.7: (a) Magnetoconductance fluctuations for parallel applied magnetic field
at Vbg = 15.1 V. The dashed blue trace is the data of Fig. 5.5(b) for perpendicular
applied magnetic field. (b) Normalized autocorrelation function of the data in (a).
The magnetic field range is restricted to [0.5, 4] T. The dashed line marks the position
of the correlation field ∆Bc .

The correlation field ∆Bc can have a distinct dependence on the orientation of
the applied magnetic field [105]. Figure 5.7(a) shows the magnetoconductance fluctuations for parallel and perpendicular applied magnetic field. The overall amplitude

44

5.3. Universal conductance fluctuations in InAs nanowires

1
F(∆V)/F(0)

0.1 (a)

2

dGNW (e /h)

of the UCF are comparable, but the specific pattern differs considerably between
the two configurations. The autocorrelation function for the data for parallel magnetic field is shown in Fig. 5.7(b). The magnetic field range is again restricted to
[0.5, 4] T. It can immediately be recognized that the decay of F (∆B) is much slower
compared to the perpendicular case (Fig. 5.6). Since the phase coherence length of
lφ = 426 nm is much larger than the wire diameter of d = 75 nm, the correlation
magnetic field is now given by
h/e
∆Bc = C 2 ,
(5.16)
πd /4
for ∆Bc is determined by the maximal area which is enclosed phase-coherently. From
the autocorrelation function in Fig. 5.7(b) we extract a correlation magnetic field of
∆Bc = 528 mT. This gives a wire diameter of dcalc ≈ 97 nm which is of the right
order of magnitude, but larger than the real diameter of d = 75 nm. The deviation
is probably due to the uncertainty of the proportionality constant C for the given
geometry of the nanowire, since the value of C = 0.95 was given within a model
considering a 1D wire embedded in a 2DEG. For InAs nanowires, an inhomogeneous
charge carrier distribution across the wire cross section due to the surface charge
accumulation layer could be another reason for the discrepancy. Similar discussions
on the proportionality constant C are reported in [105, 109].
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Figure 5.8: (a) Conductance fluctuations at B = 0 T upon varying the gate voltage
Vbg . A smooth background is substracted from the conductance trace. (b) Normalized autocorrelation function of the data in (a). The dashed line marks the position
of the correlation voltage ∆Vc .
At zero magnetic field, UCF are observed as the gate voltage Vbg is varied. This
is shown in Fig. 5.8(a), where a smooth background has been substracted from the
conductance trace in Fig. 5.5(a). The amplitude of the fluctuations is similar to
the magnetoconductance fluctuations in Fig. 5.5(b). The autocorrelation function
F (∆V ) = hδG(V + ∆V )δG(V )i can be calculated analogous to the treatment of
the magnetoconductance fluctuations and is shown in Fig. 5.8(b). From this, we
get a correlation voltage ∆Vc = 255 mV, after which the phases in (5.3) become
uncorrelated. Thus, the UCF can be suppressed by averaging over a backgate voltage
Vbg ≫ ∆Vc . This procedure is used in the following section to enhance the visibility
of the WAL peak.
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5.4
5.4.1

Weak antilocalization in InAs nanowires
Gate voltage dependence

The WAL contribution to the conductance which leads to a positive magnetoresistance, could already be seen in Fig. 5.5(b) and Fig. 5.7(a) where the UCF were
analyzed for perpendicular and parallel magnetic field. A measurement of the WAL
peak in the low magnetic field regime is shown in Fig. 5.9(a), where the magnetoconductance is plotted for different back gate voltages. The magnetic field is applied
perpendicular to the nanowire axis. A negative magnetoconductance indicating
WAL can clearly be recognized for large back gate voltage values (Vbg > 0.8 V).
Variations of the tail of the traces due to UCF, however, make it difficult to identify
a distinct gate voltage dependence.
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Figure 5.9: (a) Magnetoconductance ∆G in the low perpendicular magnetic field
regime for different back gate voltage values Vbg for the nanowire with d = 75 nm.
The magnetoconductance is offset to zero at B = 0: ∆G(B) = G(B) − G(0). The
direction of the magnetic field is perpendicular to the nanowire axis. (b) Magnetoconductance traces averaged over a back gate voltage range of 2.1 V. Solid lines are
the fits according to Eq.(5.15). The magnetic field range for the fits is restricted to
[−0.1, 0.1] T.

As shown in the previous section, the correlation voltage of the UCF is ∆Vc =
255 mV and thus the UCF can be suppressed by averaging the magnetoconductance
traces over a back gate voltage Vbg ≫ ∆Vc . This is shown in Fig. 5.9(b), where
magnetoconductance traces with a spacing of 0.21 V with respect to each other
are selected and subsequently averaged over a back gate voltage range of 2.1 V.
The suppression of the UCF enhances the visibility of the WAL peak markedly
and reveals a clear gate voltage dependence [90]. The peak width decreases with
increasing back gate voltage, whereas the peak height increases. For low back gate
voltage values, the WAL peak is superimposed by a larger WL dip. At Vbg = 0.2 V,
the WAL peak is completely suppressed and a small positive magnetoconductance
could be interpreted as a WL dip. However, for this gate voltage regime the nanowire
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is nearly pinched off, such that a transition from complete WL to WAL is not clearly
resolved. Similar measurements with a gate voltage dependent WL-WAL transition
have been reported for InAs nanowires in [107], where 45 nanowires were measured
in parallel in order to suppress the UCF, and in [118] in an individual nanowire. The
relevant length scales which can be extracted from the measurements of the WAL
are the coherence length lφ and the SO-length lSO . This is done by fitting the WAL
peak to the 1D theory of WAL in the dirty metal regime (Eq.(5.15)) using a least
mean-square method. The phase coherence length deduced from the correlation field
∆Bc of the UCF in the previous section is much larger than the wire width W and
thus justifies the application of the 1D theory. The nanowire is in the dirty metal
regime, since the elastic mean free path le ≪ W . Hence, the relevant length scales
obey the relation L > lφ > W > le . The fits according to Eq.(5.15) for the different
back gate voltage values except Vbg = 0.2 V are shown in Fig. 5.9(b) together with
the data. The magnetic field window for the fitting is restricted to [−0.1, 0.1] T
in order to fulfill the condition lm > W . At B = 0.1 T, the magnetic length is
lm = 81 nm.
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Figure 5.10: Phase coherence length lφ and SO-length lSO extracted from the fits as
in Fig. 5.9(b). A clear gate voltage dependence can be seen indicating a WL-WAL
transition at low back gate voltage. Error bars are 95% confidence bounds on the
fit parameters associated with the fits.

Figure 5.10 shows the lφ and lSO extracted from the fits as in Fig. 5.9(b) for
a large gate voltage range. It can be seen that lSO < lφ for almost all back gate
voltage values, thus WAL is predominant. The value of lφ ∼ 350 nm for large back
gate voltage values is in agreement with the value of lφ = 426 nm extracted from
the UCF in the previous chapter. The SO-length is lSO ∼ 200 nm for large back
gate voltage values, which is similar to what has been found in [107, 118]. Upon
decreasing the back gate voltage, lφ and lSO change significantly. Although both
47

Chapter 5. Interference effects in InAs nanowires

parameters simultaneously decrease towards lower gate voltage values, also lSO /lφ
increases until lSO /lφ ∼ 1 indicating a WL-WAL transition at low gate voltage, in
agreement with Fig. 5.9(b).

5.4.2

Diameter dependence

It was found both theoretically [119] and experimentally [120], that the WAL correction is diameter dependent for narrow wires. In [120], suppression of WAL and
a crossover to WL was observed for Gax In1−x As/InP quantum wires by reducing
the wire diameter. This can be understood in an analogous way as the dimensional enhancement of the WL, as discussed in Sec. 5.1.2. The lateral restriction
of the time-reversed trajectories leads to a reduction of the accumulated random
spin rotations while diffusing on the Bloch sphere (Fig. 5.1 and Fig. 5.2). Thus the
destructive interference is reduced which results in a suppression of WAL. In addition, the SO-length extracted from the WAL peak shows a diameter dependence
and increases as the wire diameter is reduced.
Without geometrical restriction, the SO-length is equal to the ballistic spin precession length lR = ~2 / (2m∗ αR ), αR the Rashba coefficient, for a system with
Rashba SO-interaction. lR gives the length scale upon which the spin precesses
a full cycle and is diameter independent if αR stays constant. In narrow wires
however, the observed SO-length is diameter dependent and given by
√ 2
3lR
lSO =
(5.17)
d
in the dirty metal regime [119, 120]. Thus, the occurence of WAL can be tuned by
geometrical means without changing any SO-parameter.
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Figure 5.11: (a) Magnetoconductance traces at different back gate voltage values
for the nanowire with d = 140 nm. The traces are offset to B = 0 T and averaged
over a back gate voltage range of 2.1 V. Solid lines are fits to Eq.(5.15). (b) Phase
coherence length lφ and SO-length lSO extracted from the fits in (a). lφ > lSO for
the whole gate voltage range. The pinch-off voltage of the nanowire is −5.4 V.
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Here, WAL measurements on two nanowires with d = 140 nm and d = 217 nm are
presented and compared together with the previous measurements on the nanowire
with d = 75 nm. Fig. 5.11(a) shows the magnetoconductance curves for the nanowire
with d = 140 nm at different Vbg together with the fits according to Eq.(5.15). The
averaging procedure is the same as for the nanowire with d = 75 nm from the
previous section. The extracted length parameters are shown in Fig. 5.11(b). It
can be seen that lφ is similar to the values in Fig. 5.10 whereas lSO is significantly
reduced. As before, lSO /lφ is gate dependent, but lφ is always larger than lSO .
Consistently, no transition from WAL to WL is seen and a WAL peak is present for
all magnetoconductance traces in Fig. 5.11(a).
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Figure 5.12: (a) Magnetoconductance traces with fits (solid lines) at different back
gate voltage values for the nanowire with d = 217 nm. The traces are offset to
B = 0 T and averaged over a back gate voltage range of 2.1 V. (b) lφ and lSO
extracted from the fits in (a). As for the nanowire with d = 140 nm, lφ > lSO for
the whole gate voltage range. The pinch-off voltage of the nanowire is −9.3 V.

The corresponding set of measurements for the nanowire with d = 217 nm is
shown in Fig. 5.12. As for the nanowire with d = 140 nm, lφ is always larger than
lSO and a WAL peak is seen for all gate voltage values (Fig. 5.12(a)). The SOlength lSO shown in Fig. 5.12(b) is further reduced compared to the nanowire with
d = 140 nm. Similar to the previous section, the magnetic field range for the fitting
is restricted to [−0.1, 0.1] T for both d = 140 nm and d = 217 nm nanowires. It
should be mentioned though, that the 1D model of Eq.(5.15) is only strictly valid
for d < lm . For quantum wires in 2DEGs, the condition d & lm marks the transition
from 1D to 2D and Eq.(5.15) has to be replaced by a 2D expression [97, 99, 100].
The magnetic length at B = 0.1 T is lm = 81 nm, thus the magnetic field range
for fitting should be reduced significantly. A too strong restriction of the magnetic
field range however, hampers the extraction of meaningful values for the fitting
parameters lφ and lSO , since a large part of the data points of the full WAL peak
would be discarded. For 1D localization in nanowires, choosing the right magnetic
field window for the data analysis is therefore a trade-off between the applicability
of the 1D model of Eq.(5.15) and the reliable determination of the parameters lφ and
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lSO . Thus the analysis is done with the similar magnetic field fitting range for all
three nanowires, but these subtleties should still be kept in mind for the subsequent
interpretation of the data.
The error bars in Fig. 5.12(b) for the d = 217 nm nanowire are for some back
gate voltage ranges larger than the error bars of the data of the other two nanowires
and show in general more fluctuations. This is due to the fact that this nanowire
exhibited some instabilities during the measurements, presumably due to charge
traps in the nanowire itself or in its vicinity. An example can be seen in Fig. 5.12(a)
for the trace at Vbg = −7 V, where the trace has a discontinuity at B ≈ 50 mT.
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Figure 5.13: (a) SO-lengths for the three nanowires with different diameters. The
eff = V − V , with V the pinch-off voltage.
effective back gate voltage is given by Vbg
p
p
bg
(b) Averaged SO-length hlSO i for the three nanowires. The red solid line is a fit to
Eq.(5.17).

Nevertheless, the SO-length shows a pronounced decrease with increasing diameter of the nanowires. This is shown in Fig. 5.13(a) where the SO-lengths for the three
nanowires are plotted simultaneously. The data of the three nanowires are shifted
relative to each other in back gate voltage such that the three pinch-off voltage valeff
ues are at Vbg
= 0 V. In order to quantify the diameter dependence, the arithmetic
eff
mean hlSO i, with h· · · i the average over Vbg
, is plotted against the nanowire diameter in Fig. 5.13(b). The red solid line is a fit according to Eq.(5.17), which gives for
the ballistic spin precession length lR = 91 nm. Using lR = ~2 / (2m⋆ αR ), this results
in a Rashba coupling parameter of αR = 1.8 × 10−11 eV m. This is in agreement
with reported values of αR ∼ 0.6 × 10−11 eV m in InAs/AlSb quantum wells [121].
The Rashba coupling parameter is given by αR = eEα0 with α0 = 117 Å for bulk
InAs [122], which would give an electric field of E = 1.55 × 105 V/cm across the
nanowire. A structural inversion asymmetry leading to the Rashba spin splitting
could originate from the surface layer of electrons present in InAs. A triangular
quantum well at the surface of the nanowire formed due to the pinning of the Fermi
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energy in the conduction band, gives rise to a built-in electric field which can reach
values of E ≈ 0.73 × 105 V/cm according to simulations with realistic parameters
for InAs nanowires [109]. In addition, the asymmetric gate coupling could also lead
to an electric field across the nanowire [107]. The Dresselhaus effect presumably
does not play a role to first order since the transport in the present nanowires is in
the h111i-direction (h0001i-direction for wurtzite), which is a high symmetry axis
for inversion.
The relaxation due to SO-coupling is incorporated in the single parameter lSO
in the model of Eq.(5.15). This does not specify the different spin relaxation mechanisms which could be involved in the process or the origin of the SO-induced spin
splitting. In this respect, the model used in this analysis appears to be appropriate
as the extracted parameters such as lφ and lSO agree with other experimental works
but still leaves the exact SO-effects and spin relaxation mechanisms as well as their
composition open.

5.4.3

Angle dependence

As for the correlation field ∆Bc for the UCF, it is interesting to compare the WAL
for different magnetic field orientations. Fig. 5.14(a) shows magnetoconductance
traces at different back gate voltage values for the magnetic field applied parallel to
the nanowire axis. The data is taken on the same nanowire as in Fig. 5.9 with d =
75 nm. The WAL peak shows again a pronounced back gate voltage dependence, but
compared to the perpendicular case, the WAL peak appears to be wider in B. This
can clearly be recognized in Fig. 5.14(b), where pairs of magnetoconductance traces
for perpendicular and parallel magnetic field orientation are plotted at different back
gate voltage values. The width of the WAL peak is always larger for the parallel
case and a crossover from negative to positive magnetoconductance can not be seen
in this magnetic field range.
This behavior can be understood by considering the relevant time-reversed trajectories contributing to the WAL correction which are affected by the application
of an external magnetic field [97, 98]. At zero magnetic field, the trajectories of the
propagating electrons are coherent in a time interval of τφ = lφ2 /D. As the external
magnetic field is increased, the magnetic relaxation time τB becomes the new cut-off
time restricting the interference as soon as τB becomes comparable to τφ . Increasing
the magnetic field even further such that τB ≪ τSO suppresses the WAL and only
the WL of the time-reversed trajectories occuring in time intervals ≪ τB remains.
Thus, τSO gives the magnetic field scale BSO = (h/e)/(DτSO ) at which the suppression of WAL by a magnetic field becomes significant due to τB becoming comparable
to τSO .
For the perpendicular case of the present experiment, the relevant trajectories
which are affected by the magnetic field are restricted in one spatial direction by the
nanowire diameter but arbitrarily elongated in the direction of the nanowire axis.
For the parallel case however, the relevant trajectories are restricted in both lateral
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Figure 5.14: (a) Magnetoconductance traces at different back gate voltage values
for the applied magnetic field parallel to the nanowire axis. The data is taken on
the nanowire with d = 75 nm. (b) Comparison of the magnetoconductance traces
for the perpendicular and the parallel orientation of the magnetic field at different
back gate voltage values. Filled circles show the perpendicular, and empty circles
the parallel case.

directions by the nanowire diameter and thus much smaller than in the perpendicular
case. Thus, a stronger magnetic field is required to dephase these trajectories and
to suppress their contribution to WAL. This leads to the enhancement of the WAL
peak compared to the perpendicular case, as shown in Fig. 5.14(b).

5.5

Conclusion and outlook

We have investigated quantum interference effects in InAs nanowires by measuring
UCF and the WAL correction to the Drude conductivity. The correlation magnetic
field ∆Bc has been extracted from the autocorrelation function of the UCF allowing
to determine the phase coherence length lφ . The amplitude of the UCF has been
compared to theoretical models including SO-interaction. The correlation magnetic
field was shown to have a distinct dependence on the magnetic field orientation,
where for a parallel applied magnetic field the channel width can be estimated
from ∆Bc , supporting the applied model. From the UCF as a function of back
gate voltage, a correlation voltage ∆Vc is extracted, which gives the voltage scale
for averaging different magnetoconductance traces in order to suppress the UCF.
The WAL was shown to have a dependence on the back gate voltage indicating a
WL-WAL crossover for the d = 75 nm nanowire, as reported for example in [107].
From the WAL peak, the SO-length lSO can be determined giving a length scale
for spin relaxation. The measurement of WAL for three different nanowires with
different diameters allowed to extract the Rashba coupling parameter αR which is
comparable to reported values for InAs. lSO depends on the nanowire diameter and
decreases with increasing diameter. Finally, WAL was compared for perpendicular
and parallel applied magnetic field where an enhancement of the WAL peak width
for the parallel case was observed.
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The analysis of the WAL data suggests the Rashba SO-interaction as an origin of
the SO-induced spin splitting, which could be due to the pinning of the Fermi energy
in the conduction band at the surface of the nanowire. However, no evidence for the
presence of a surface charge accumulation layer was found since any attempt to observe AB/AAS-oscillations, as it was observed for example in In2 O3 /InOx -nanowires
[123], was not successful. The length of the nanowire L ∼ 2 µm being larger than lφ
could be a reason for this and thus measurements on nanowires with L ≪ lφ could
improve the experiment. A shorter nanowire however, leads to an increased UCF
amplitude which could mask all other interference effects. In general, the source of
the conduction electrons is not obvious for InAs nanowires, since we observe that
thin nanowires are insulating, which hints to transport dominated by bulk electrons.
The observation of WL without any signature of WAL has been reported in very
thin InAs nanowires (d ∼ 20 nm) [124]. Thus, it would be interesting to study the
intermediate regime of nanowire diameters and map out the diameter dependent
crossover from WAL to WL, as it was done for Gax In1−x As/InP quantum wires
[120].
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Chapter 6
Etched quantum dots in InAs
nanowires
In this chapter, we present transport measurements on etched InAs nanowire DQDs with
and without top gates. Self-aligned charge detectors in an underlying 2DEG allow to
study single electron transitions in the DQD in a regime where the current through the
DQD is too small to be measured directly. The high tunability of the sample and the high
sensitivity of the charge detectors allow to perform time-resolved charge detection. In
finite bias transport, modulations of the inelastic current through the DQD are observed
and attributed to an interference effect due to coherent electron-phonon interaction.
The results of this chapter have been published in [125–127].

6.1

Fabrication

In a nanowire, zero-dimensional structures such as QDs can be obtained by imposing an additional confinement in the growth direction. This can be done either with
top-down techniques, such as top gates [63, 128], local back gates [129] and etching
[27], or in a bottom-up approach by the growth of heterostructures [51, 130]. The
latter method demonstrates the versatility in the material selection for semiconductor nanowires. The growth of heterostructures in bulk systems is usually limited
to material combinations with comparable lattice constants. The small diameter of
nanowires however, enables an efficient radial strain relaxation without the formation of lattice dislocations, which extends the possibilities of band gap engineering
by allowing combinations of materials with significantly different lattice constants.
Exploiting this fact, thin InP segments can be enclosed during the growth of InAs
nanowires. The conduction band offset at the interface between the InP and the
InAs is 0.6 eV, as determined by thermionic excitation of the electrons over an InP
barrier [51, 52]. It is possible to obtain few-electron QDs by growing InP/InAs
double barrier structures, as shown in Fig. 6.1 [130].
Here, we use a wet etching process to fabricate a DQD in an InAs nanowire with
QPCs in an underlying 2DEG [27, 125]. The process starts with a GaAs/AlGaAs
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Figure 6.1:

Scanning TEM image showing InAs QDs between two
InP barriers (arrows) with lengths
of 100 nm (b) and 10 nm (c).
The length of the InP segments
is . 5 nm.
The scale bar is
20 nm. Reprinted with permission
from [130]. Copyright (2004) American Chemical Society.

heterostructure grown by MBE with a 2DEG 37 nm below the surface serving as a
substrate. The electron density of the 2DEG is ns = 4 × 1011 cm−2 and the mobility
is µ = 3 × 105 cm2 V−1 s−1 at T = 2 K. The stacking sequence of the heterostructure
is shown schematically in Fig. 6.2(a). On this substrate, a Hall bar with Ohmic
contacts is defined as a mesa structure by optical lithography (Fig. 6.2(b)). Subsequently, the nanowires are transferred mechanically to the substrate following the
procedure described in Chap. 4. Nanowires with suitable length and position with
respect to the arms of the Hall bar as well as to the predefined contact electrodes are
located by optical microscopy and chosen for further processing. Ohmic contacts
to the nanowire are defined by electron beam lithography and by the use of the
standard recipe for etching/passivation and evaporation (see Chap. 4).

(a)

(b)

500 mm

Figure 6.2: (a) Schematic representation of the heterostructure used as a substrate.
The 2DEG is 37 nm below the surface. The stacking sequence from the surface to
the GaAs buffer substrate is: GaAs (5 nm) / Al0.3 Ga0.7 As (8 nm)/ AlAs (2 nm)
/ GaAs (1.4 nm) / Si δ-doping layer / GaAs (0.6 nm) / Al0.3 Ga0.7 As (20 nm).
Heterostructure grown with MBE by S. Schön (FIRST lab, ETH Zurich). (b) Optical
microscope image of the Hall bar mesa with annealed Ohmic contacts and additional
contact electrodes which can be used for the Ohmic contacts of the nanowire.

A problem which arises in connection with the etching/passivation recipe for the
Ohmic contacts of the nanowire and the use of a shallow 2DEG as a substrate is
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that the Ohmic contacts exhibit a leakage to the 2DEG. The leakage resistances
decrease with increasing contact size and are of the order of several G Ωs at 4.2 K
for typical sizes of the contacts. Figure 6.3(a) shows the leakage resistances of two
devices plotted against the inverse of the area of the Ohmic contacts. From a linear
fit, a normalized contact resistance of rc = R · A = 2.6 kΩ cm2 is obtained.
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Figure 6.3: (a) Leakage resistances versus 1/area of the Ohmic contacts for two
devices (green and blue points). The red solid line is a fit giving the normalized
contact resistance rc = R · A. (b) Optical microscope image of the nanowire after
the deposition of the Ohmic contacts and the etching of the trenches.

In a second electron beam lithography step, PMMA is used as an etching mask
to define the DQD and the charge detectors. The developed structure is etched
using a H2 O/H2 SO4 /H2 O2 (100:3:1) solution with an etching rate of ∼ 1.7 nm/s
for both the nanowire and the heterostructure substrate. The etching rate strongly
depends on the condition of the surface of both the nanowire and the substrate,
where residues of resist or any other kind of contaminations can drastically alter the
etching behavior. Thus, careful processing keeping the surfaces as clean as possible
is crucial. Typical etching times for nanowires with diamters of ∼ 100 nm are around
15 s. An optical microscope image of the device after the deposition of the Ohmic
contacts and the etching is shown in Fig. 6.3(b).
The etching mask is designed in such a way that the trenches in the 2DEG forming the charge detectors by depletion of the 2DEG underneath and the constrictions
in the nanowire forming tunnel barriers of the DQD are etched in a single step
etching process. The fact that both trenches of the 2DEG and constrictions of the
nanowire are defined simultaneously by the same etching areas ensures perfect alignment of the charge detectors and the QDs. A SEM image of such an etched DQD
structure with self-aligned charge detectors used for the subsequent measurements
is shown in Fig. 6.4. The trenches in the substrate divide the 2DEG into different
regions including two channels below the QDs serving as charge detectors (green
and blue) and two side gates (dark purple) below the source and the drain leads of
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200 nm

Figure 6.4: False colored SEM image of an etched DQD in the nanowire and two
etched charge detectors in the 2DEG underneath. The two charge detectors are
colored in green and blue, respectively. The dark purple areas are side gates which
can be used to tune the charge detectors as well as the leads of the nanowire.

the nanowire DQD.

6.2

Charge detection with quantum point contacts

The single electron charge states of QDs can be measured by direct transport through
the QD owing to the Coulomb blockade effect, as described in Chap. 2. Measuring
the transport through a QD is, however, limited by the tunneling rates of the barriers
connecting the QD to the leads, which should be large enough such that the current
through the QD is measurable. This limitation can be circumvented by placing a
QPC in close proximity to the QD. It turns out that the QPC can be used as a
remarkably sensitive charge detector able to resolve single electron transitions even
in a regime where the current through the QD is too small to be measured directly. A
schematic representation of this situation is shown in Fig. 6.5(a). The QD is tunnel
coupled to the leads and capacitively coupled to a plunger gate as shown in Chap. 2.
In addition, the QPC in close proximity to the QD is capacitively coupled to the QD,
which is expressed by the capacitance CQD−QPC . If this coupling is strong enough,
a change of a single electron in the occupation of the QD will have a measurable
electrostatic effect on the QPC. This is shown schematically in Fig. 6.5(b) where
the dark blue trace shows the conductance of the QPC as a function of the plunger
gate voltage Vg below the first conductance plateau. For a QD strongly coupled
to the QPC, the addition of a single electron to the QD has the same effect as
changing Vg by a small amount ∆Vg , which is represented by the shifted light blue
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conductance trace. Thus, the conductance of the QPC changes by ∆GQPC (red
dashed line) upon the addition of a single electron to the QD. ∆Vg is larger the
stronger the electrostatic coupling between the QD and QPC, which also enhances
∆GQPC . This behavior can be illustrated by considering the transconductance of
the QPC conductance, which is given by [131]
∂GQPC dQQD ∂GQPC
dGQPC [QQD (Vg ), Vg ]
=
+
.
dVg
∂QQD dVg
∂Vg

(6.1)

The gate voltage dependence of the QPC shown by the general shape of the conductance trace in Fig. 6.5(b) is given by ∂GQPC /∂Vg . The dependence of the charge of
the QD on the gate voltage is expressed by dQQD /dVg and given by the capacitance
Cg,QPC−QD in Fig. 6.5(a) assuming that Vg = Vg,QPC . Finally, the sensitivity of the
charge detector is given by ∂GQPC /∂QQD ≈ ∆GQPC /e considering a step in the
conductance of the QPC upon the addition of a single electron to the QD. Thus,
Eq.(6.1) reproduces the QPC conductance in the vicinity of the electron transfer on
the QD in Fig. 6.5(b). Furthermore, it can be seen that ∆GQPC depends strongly on
the particular position on the conductance trace. The change in conductance can
be quite large at a slope of the conductance whereas it vanishes on the plateau. It
is therefore essential to operate the QPC at a slope of the conductance while using
it as a charge detector.
This “non-invasive” method to probe the electronic state of QDs was first reported by M. Field et al. [25]. The measurement is shown in Fig. 6.5(c) with the
sample design depicted in the inset. The resistance of the detector Rdetector shows
a steplike behavior as a function of the plunger gate voltage with steps whenever a
Coulomb peak in the QD conductance indicates the addition of an electron to the
QD.
The electrostatic coupling CQD−QPC between the QD and the QPC can be modified significantly by the geometry of the sample such as the mutual position of the
QD and the QPC or the arrangement of the plunger gates which tend to screen any
change of the electrostatic potential in the surrounding. The approach of [25] using
metallic split gates is the most conventional one to implement a charge detector
for a QD in GaAs/AlGaAs heterostructure 2DEGs due to its flexibility in sample
design and the established processes of split gate defined nanostructrures. Typical
charge detection sensitivities for such devices are ∆G ≈ 0.004 − 0.006 × (2e2 /h)
[25, 132, 133]. AFM lithography defined devices can appreciably increase the sensitivity up to ∆G ≈ 0.065 × (2e2 /h) since the screening due to the split gates can be
circumvented [134]. A comprehensive comparison of the charge detection sensitivities for different systems can be found in [135].
The described approaches share the common fact that the devices have a lateral
design where the QD and the QPC lie next to each other in the plane of a 2DEG.
In contrast, for the etched nanowire device used in this chapter (Fig. 6.4) as well as
for the devices in the following chapters a vertical approach is used, where the QDs
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Figure 6.5: (a) Schematic representation of the capacitive model of the QD-QPC
system. Only relevant capacitances treated in the main text are shown. (b) The
effect of the addition of a single electron to the QD shown by a schematic representation of the QPC conductance trace (dark blue trace) against the plunger gate
voltage. The additional electron on the QD has the same effect as changing the
plunger gate voltage of the QPC, which effectively shifts the whole conductance
trace by ∆Vg (light blue trace). This leads to a step of ∆GQPC of the QPC conductance (red dashed line). (c) Measurement of the charge detection using a QPC.
Figure reprinted from [25]. Copyright (1993) by The American Physical Society.
The sample design is shown in the inset. The solid shapes labeled with G1-G5 are
metallic split gates on a GaAs/AlGaAs heterostructure containing a 2DEG 70 nm
below the surface. The QPC is formed with G1 and G2 whereas the other split gates
define the QD.

lie on top of the charge detectors. This approach gives a strong coupling yielding
sensitivities of ∆G ≈ 0.05 − 0.12 × (2e2 /h). The drastic effect of the different sample
geometry becomes evident by considering the relative change of the conductance
∆G/G which is routinely > 50% for the present nanowire devices [125] compared
to relative changes of a few percents for split gate defined samples [132].

6.2.1

Time-resolved charge detection

The charge detection method presented up to now described how the QPC conductance responds to the change of the charge population of the QD by one electron in
terms of the capacitive coupling between the QD and the QPC. Depending on the
tunneling rates of the QD however, the time-averaged or the time-resolved change of
the charge population has to be distinguished in a charge detection experiment. In a
DC measurement, the QPC current is usually recorded by applying a constant bias

60

6.2. Charge detection with quantum point contacts

voltage across the QPC. The current is thereby integrated over a typical time period
of the order of 0.1 s. During this time, equilibrium fluctuations between the QD
and a lead can involve the transfer of hundred thousands of electrons for tunneling
rates of the order of ∼ 1 MHz. Thus, the measured change of the charge population
of the QD by the QPC reflects only the change of the average population of the QD
by one electron.
If the height (or the width) of the barriers connecting the QD to the leads is
increased continuously until the tunneling rates of the barriers get smaller than the
measurement bandwidth, it becomes possible to resolve single electron transitions
in real-time [132, 136]. This opens the possibility for numerous experiments to be
conducted and to get informations about the system which can not be extracted
from a time-averaged measurement. For example, time-resolved charge detection
allows to access the statistics of electron transfer through single QDs [134, 137–139]
and DQDs [140, 141], to study the back-action of the detector on the QD [142–144],
or to measure spin relaxation times using spin-to-charge conversion [145, 146].

6.2.2

Measurement setup and noise contributions
Figure 6.6: Schematic representation of

I/V-converter
RF
Cryostat
RQPC
VQPC

CC

CF

Filter

+

DAQ

the measurement setup (adapted from
[87]). The relevant capacitances such
as the cable capacitance CC and the
I/V-converter shunt capacitance CF are
shown. The filter at the output of the
I/V-converter is an 80 kHz anti-aliasing
low-pass filter. The signal is digitized by
a data acquisition card (DAQ).

The measurement setup, similar to the one in Chap. 4, is shown schematically in
Fig. 6.6. A constant bias VQPC is applied to the sample (here the QPC) with resistance RQPC and the current is measured at room temperature using an I/V-converter
with an OPA627 operational amplifier with feedback resistance RF . CC represents
the cable capacitance to ground of the cabling going from room temperature down
to the sample in the cryostat. The signal at the output of the I/V-converter passes
an 80 kHz low-pass filter, which serves as an anti-aliasing filter for the data acquisition. Finally, the signal is digitized by a data acquisition card (National Instruments
PCI 6035-E). The feedback resistance RF of the I/V-converter is shunted by a capacitance CF ≈ 2 pF, which stabilizes the feedback and reduces the capacitive noise
gain. The bandwidth of the measurement setup is given by RF and CF forming a
low-pass filter with cutoff frequency fBW = 1/(2πRF CF ). This gives a bandwidth of
fBW ≈ 80 kHz for a feedback resistance of RF = 1 MΩ.
In practice, the bandwidth given by the low-pass filter formed by RF and CF is
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Figure 6.7: (a) Calculation of the different relevant noise contributions. Figure
adapted from [87] with parameters: RF = 10 MΩ, CF = 2 pF, RQPC = 64.5 kΩ,
CC = 2 nF, VQPC = 500 µV, T = 1.8 K. (b) Measured current spectral density of the
charge detector with RF = 10 MΩ, RQPC = 333 kΩ, VQPC = 500 µV and T = 1.8 K.
The capacitive noise gain and the capping introduced by the finite bandwidth can
be recognized. The low-frequency noise is determined by a ∼ 1/f -dependence.
limited by the noise. The noise σI of the charge detector current is given by
σI =

Z

2πfBW
0

SI2 (ω)dω

1/2

,

(6.2)

with SI (ω) the current spectral density. SI (ω) can have a couple of different origins,
which can be identified from the schematic representation of the measurement setup
shown in Fig. 6.6. On the one hand, the sample (i.e. the charge detector) itself has
noise contributions such as shot noise, thermal noise (or Johnson-Nyquist noise),
and so-called popcorn noise due to charge traps in the vicinity of the charge detector. On the other hand, the I/V-converter contributes with the thermal noise of the
feedback resistance RF and the amplifier voltage noise at the input of the operational
amplifier. Since the charge detector is situated in the cryostat and operates at low
temperatures, its thermal noise can usually be neglected. The shot noise, originating
from the granular character of the transported charges, turns out to be negligible
at the relevant bias voltages compared to the other noise contributions. The charge
traps in the vicinity of the detector are supposed to lead to the 1/f -noise in nanostructures based on GaAs/AlGaAs 2DEGs [147]. Furthermore, the activation of the
charge traps usually depends on the current flowing through the sample and can
be minimized by keeping the bias voltage across the charge detector small. The
thermal
p noise of the feedback resistance is given by the Johnson-Nyquist relation
SI = 4kB T /RF and increases with decreasing RF . In principle it can be reduced
significantly by placing the amplifier close to the sample at cryogenic temperatures
[133]. The largest contribution to SI (ω) however, stems from the amplifier voltage
noise. This is illustrated in Fig. 6.7(a), where the current spectral densities of the
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different noise sources are plotted for the relevant frequencies of the present setup.
The shot noise of the charge detector as well as the thermal noise of the detector and the feedback resistance have a white spectrum in the considered frequency
range. In contrast, the amplifier voltage noise starts to increase significantly above
the frequency 1/(2πRQPC CC ) ≈ 1 kHz given by the cable capacitance CC . This
increase is called capacitive noise gain and is limited by the shunt capacitance CF .
This can be seen by the reduction of the capacitive noise gain for frequencies above
1/(2πRF CF ) ≈ 8 kHz. A comprehensive treatment of the present measurement
setup and its different noise contributions can be found in [87, 135]. Figure 6.7(b)
shows a measured noise spectrum of the charge detector (green channel of the 2DEG
in Fig. 6.4). The feedback resistance is RF = 10 MΩ. At low frequencies < 1 kHz,
the noise shows the mentioned ∼ 1/f -dependence, which probably originates from
the charge detector itself. The capacitive noise gain above f ∼ 1 kHz can clearly be
recognized. The bandwidth fBW = 1/(2πRF CF ) caps the noise gain at ∼ 8 kHz.
It should be kept in mind that any change of RF is a trade-off between reducing
the noise (for example the thermal noise or the capacitive noise gain of the amplifier
voltage noise) and the limitation of the bandwidth. In general,
the noise is reduced
√
by decreasing the bandwidth, since from Eq.(6.2) σI ∼ fBW for white noise. This
can be seen in Fig. 6.8(a) where a time trace of the current of the right charge detector (green channel of the 2DEG in Fig. 6.4), for a configuration where the Fermi
level of the source lead of the nanowire is aligned with the electrochemical potential of the QD, is shown. The current shows a random telegraph signal where the
current switches back and forth between two current levels. The signal reflects the
equilibrium fluctuations between the source lead and the QD with the levels corresponding to an electron entering and leaving the QD. The measurement software
allows to apply numerically a low-pass filter and hence to set the bandwidth. The
green trace represents the data acquired with a bandwith of f = 20 kHz. Although
the two current levels can be recognized by eye, the signal is superimposed by a
large noise amplitude. The red trace shows the same data as for the green trace,
but numerically refiltered with an 8th-order Bessel low-pass filter at a cutoff frequency of f = 3 kHz. It can be seen that the noise amplitude is significantly lower
compared to the green trace. This can be visualized further by the histogram for the
distribution of the data points of the time trace (Fig. 6.8(b), green data), where two
peaks representing the two current levels are resolved, but overlap partially. The
effect of the bandwidth is evident by comparing to the histogram for the refiltered
time trace (red data in Fig. 6.8(b)) where the peaks are narrower and do not overlap
anymore.
The separation ∆IQPC of the peaks is the change in current between the two
levels in the random telegraph signal. The distribution of the data points around
each current level is Gaussian with a width of σI . These two quantities define the
signal-to-noise (S/N) ratio which is given by the ratio ∆IQPC /σI between the change
of the current of the charge detector and the noise. The S/N ratio is in fact the
essential quantity limiting the practical bandwidth in a measurement. A high S/N
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Figure 6.8: (a) Time trace of the charge detector showing equilibrium fluctuations
between the source lead and the QD. The bias across the detector is VQPC = 0.5 mV.
The green trace is recorded with a bandwidth of f = 20 kHz. Refiltering the data
with a cutoff frequency of f = 3 kHz yields the red trace. (b) Histograms of the
distribution of the data points for the time traces in (a). Two peaks representing
the two current levels can be recognized despite the overlap for the data taken with
f = 20 kHz. The peaks of the histogram of the data taken with f = 3 kHz are
narrower and well separated without overlap. The separation of the current levels
∆IQPC and the noise σI given by the width of the peaks are shown for the refiltered
data. (c) Close-up to a rising edge in the time trace of (a). τrise is depicted for the
refiltered trace.

ratio allows the operation at higher bandwidths since it ensures the resolvability
of the current levels in spite of the increasing noise. At a given bandwidth, the
feasibility of a time-resolved charge detection experiment depends on a sufficiently
high S/N ratio.
As already mentioned, the smallest current through a QD which can be measured
directly is limited by the resolution of the current meter and a reasonable integration
time. In contrast, the largest current which one can determine by time-resolved
charge detection is limited by the bandwidth. This is illustrated in Fig. 6.8(c) which
shows a close-up of the time trace in Fig. 6.8(a). It can be seen that the response
of the detector current to a tunneling event of an electron is much slower for the
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refiltered red trace than for the original data. This response is characterized by
the rise time τrise which is defined as the time needed for the detector current to
reach the middle of the two current levels. The rise time for the refiltered trace is
τrise ≈ 0.17 ms resulting in a maximal current of Imax ∼ e/(4τrise ) ∼ 0.2 fA which
could be measured by the charge detector for the given bandwidth [87, 148]. The
increase of the rise time for the refiltered trace illustrates the role of the bandwidth
as the limiting factor for the maximal measurable current by the charge detector.
A high S/N ratio allows to push the bandwidth such that the current measured
by counting single electrons with time-resolved charge detection could be compared
to the current across the QD measured directly with a conventional current meter.
This was reported for a self-aligned nanowire single QD sample fabricated in the
same way as the sample shown in Fig. 6.4, where the strong coupling between the
detector and the QD gave the sufficient S/N ratio allowing to push the bandwidth
for charge detection to ∼ 100 kHz [148].

6.3

Transport through etched InAs nanowire DQDs

6.3.1

Time-averaged measurements
Figure 6.9: False colored SEM image of
A
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the sample with the circuit scheme used
in the measurements. The DQD current
IDQD is measured between A and B. The
left charge detector is measured between
2 and 5, and the right detector between
3 and 6, respectively. The electrochemical potentials of the QDs are tuned by
the offset voltages V2degL and V2degR , the
charge detectors are tuned by the side
gates at 1 and 4.

Figure 6.9 shows the measured sample together with a circuit scheme. Applying
offset voltages to the charge detectors allows to tune the electrochemical potentials
of the QDs. The bias voltage VDQD across the DQD is applied symmetrically on both
sides of the nanowire. The charge detectors are kept on a slope of the conductance
by the side gates. It should be mentioned that the charge detectors in these kind of
etched samples are not always QPCs in the sense of Chap. 2, since they do not always
exhibit clear conductance quantization. The conductance exhibits many resonances
near pinch-off which could be due to the rough edges introduced by the wet etching
process. Moreover, the exact shape of the confinement potential is not known, but
certainly different from the ideal saddle point potential [149]. Nevertheless, the
charge detectors are tuned to a slope of the conductance where the response is very
sensitive to a change of the charge population of the QDs.
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Figure 6.10: (a) Current IqpcL through the left charge detector as a function of
the gate voltages V2degL and V2degR . The bias voltage across the charge detector is
VqpcL = 0.1 mV. (b) Numerical transconductance dIqpcR /V2degL of the right charge
detector. VqpcR = 0.1 mV. (c) Cut through the dashed line in (a). (d) Source-drain
current through the DQD at a bias voltage of VDQD = 1 mV. The measurements are
carried out at a temperature of T = 1.8 K.

Figure 6.10 shows simultaneous measurements of the charge stability diagram
of the DQD by charge detection using both charge detectors and by measuring the
source-drain current through the DQD [125]. The measurements are performed in
a 4 He cryostat with a VTI at a temperature of T = 1.8 K. Figure 6.10(a) shows the
current IqpcL of the left charge detector. A cut along the dashed line is shown in
Fig. 6.10(c). IqpcL exhibits a distinct step whenever the left QD is populated by an
additional electron. The strong coupling between the charge detector and the DQD
leads to a relative change of the detector conductance of up to 66%. The numerical transconductance of the right detector (Fig. 6.10(b)) shows the same stability
diagram as measured with the left detector. The signs of the transconductance are
reversed for the vertical/horizontal boundary lines of the hexagons and for the transitions at the triple points, since they reflect QD-lead or interdot transitions. The
source-drain current through the DQD shown in Fig. 6.10(d) exhibits the expected
suppression of current due to Coulomb blockade except at the triple points where
the electrochemical potentials of the QDs are aligned with the Fermi level in the
leads. The capacitances and lever arms as well as charging energies of the system
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can be extracted from the capacitive model described in Chap. 2 [36]. The values
are summarized in Tab. 6.1. The charging energies of the QDs are comparable to
values of typically ∼ 10 meV for etched single QDs [27] and to values of ∼ 5 meV
for top gate defined DQDs [63] in InAs nanowires.

Lever arms
Capacitances
Charging energies

QDL
QDR
αL = 0.39
αR = 0.34
CΣL = 25.6 aF
CΣR = 40.9 aF
Cm = 3.5 aF
∆ECL = 6.3 meV ∆ECR = 4.0 meV
∆ECm = 0.5 meV

Table 6.1: Table summarizing the lever arms and capacitances as well as charging
energies extracted from the capacitive model of the DQD.

6.3.2

Time-resolved measurements

The electrochemical potentials of the QDs in the presented sample are tuned by the
offset voltages on the charge detectors and the sample does not contain separate gates
to tune the the tunnel barriers of the DQD. The transparencies of the barriers are
instead changed by moving the voltages on the 2DEG parts (side gates and charge
detectors) to an overall more negative regime. Time-resolved charge detection can
then be performed as soon as the tunneling rates of the barriers become slower than
the bandwidth of the setup.
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Figure 6.11: (a) SEM image of the sample with a schematic illustration of an
electron fluctuating between the source lead and the left QD. (b) Time traces of
the current of left (blue) and right (green) charge detectors showing equilibrium
fluctuations between the source lead and the left QD. Tunneling times τin/out as well
as the charge configurations of the DQD are depicted. The bias voltages across the
charge detectors are VqpcR/L = 0.5 mV.

Figure 6.11(b) shows time traces with equilibrium fluctuations between the source
lead and the left QD recorded simultaneously with the left (blue trace) and the right
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(green trace) charge detector. The switching events of the two time traces are perfectly correlated, as expected for transitions between the leads and the QDs. In
contrast, the time traces of the two charge detectors exhibit an anti-correlated behavior at different gate voltage configurations where only interdot transitions are
allowed. Thus, the simultaneous measurement using two charge detectors provides
additional informations about the tunneling processes through the correlation of the
two signals and allows for example to perform bidirectional counting measurements
on the DQD [125]. An illustration of an electron tunneling back and forth between
the source lead and the left QD is shown in Fig. 6.11(a).
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Figure 6.12: Event rate of the right
charge detector as a function of
V2degR crossing a gate configuration
where the Fermi level of the source
lead is aligned with the electrochemical potential of the left QD. The
red solid line is a fit according to
Eq.(6.5).
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The advantage of time-resolved charge detection is that the measurement of
such single electron transitions allows to determine directly the tunneling rates of
the barriers involved in the tunneling processes. The time during which the current
stays in the lower/upper level (τout/in ) represents the time it takes for an electron to
tunnel out or into the QD, respectively, as depicted in Fig. 6.11(b). The expectation
values of the tunneling times are then, given an exponential distribution of the
tunneling times, related to the tunneling rates by [150]
Γin/out =

1
hτin/out i

.

(6.3)

For equilibrium fluctuations between the leads and the QD, the rates Γin/out are
effective tunneling rates, given by
Γin = Γ · f (E, T )

Γout = Γ · (1 − f (E, T )),

(6.4)

with Γ the tunneling rates of the barrier and f (E, T ) the Fermi-Dirac distribution
in the leads. The rate of tunneling events is then expressed as
Revents =

1
= Γ · f (E, T )(1 − f (E, T )).
hτin + τout i

(6.5)

The tunneling rates Γ and the Fermi-Dirac distribution function f (E, T ) can thus
be determined by counting the number of tunneling events across the barrier. This
is shown in Fig. 6.12 where V2degR is swept over a point where the Fermi level
68

6.3. Transport through etched InAs nanowire DQDs

of the source lead and the electrochemical potential of the left QD are aligned.
The red solid line is a fit according to Eq.(6.5) yielding an electron temperature of
T = 1.89 K, in agreement with the temperature extracted from the time-averaged
detector trace and with the value of the temperature sensor of the VTI.
Similar to the time-averaged measurements shown in Fig. 6.10, the stability diagram of the DQD can be measured by recording time traces at each point of the
gate voltage values and by counting the number of single electron tunneling events.
The application of a large finite bias voltage VDQD across the DQD causes the triple
points of the stability diagram to develop into triangular regions [36]. An example of
a pair of such finite bias triangles measured by time-resolved charge detection using
the left charge detector is shown in Fig. 6.13(a) [126]. In this gate voltage regime,
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Figure 6.13: (a) Event rate of the left charge detector as a function of the gate
voltages V2degL and V2degR at a bias voltage of VDQD = −3 mV across the DQD
showing two overlapping finite bias triangles. (b) Tunneling-in rate Γin extracted
from the time traces of the data in (a). The arrow points to the line inside the
triangles indicating an excited state. (c) Cut along the white dashed line in (b).
Level schemes with the involved states are given at the relevant positions. (d)
Tunneling-out rate Γout along the white dashed line in (b).

transitions across the left and the center barrier of the DQD can be resolved, whereas
the tunneling rate ΓR of the right barrier is beyond the experimental bandwidth.
The bias voltage across the DQD is VDQD = −3 mV. Two overlapping finite bias
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triangles with a finite event rate can clearly be recognized. Examining the data further by looking at the tunneling-in and tunneling-out rates Γin/out reveals significant
additional informations about the transport in this regime. Figure 6.13(b) shows
the tunneling-in rates Γin extracted from the time traces of the same data using
Eq.(6.3). A sharp line inside the triangles corresponding to a stepwise increase of
Γin can be recognized (red arrow). This line can be attributed to an excited state of
the left QD entering the energy window as the electrochemical potential of the left
QD is lowered by increasing V2degL . A cut along the white dashed line demonstrates
the stepwise increase of Γin (Fig. 6.13(c)). The level schemes illustrating the involved
states are shown at the corresponding positions. In contrast, the tunneling-out rate
Γout shown in Fig. 6.13(d) decreases smoothly with V2degL without any steps. This
indicates that the electrons always tunnel out of the left QD through the ground
state after relaxation from the excited state. The relaxation rate of the excited state
is thus much higher than the tunneling rate ΓL of the left barrier. The level spacing
of the excited state of the left QD is determined as ∆EL ≈ 1.4 meV, in agreement with an estimation of the spacing assuming spherical QDs with hard walls.
Finally, the tunneling-in and tunneling-out rates at different level configurations of
the DQD allow to extract the tunneling rates of the left and the center barrier to be
ΓL ≈ 0.6 kHz and ΓC ≈ 2.8 kHz. Time-resolved charge detection thus also allows to
investigate the transport through excited states and to get insight into the relation
between the relaxation and tunneling rates.

6.4
6.4.1

Coherent electron-phonon coupling in InAs
nanowire DQDs
Inelastic transport through DQDs

In the stability diagram of the DQD measured by the direct current through the
DQD, as shown in Fig. 6.10(d), the current is suppressed for the whole gate voltage
region except at the so-called triple points. At these points, the electrochemical
potentials of both QDs are aligned with the Fermi level of the leads enabling elastic
transport through the DQD. Applying a finite bias across the DQD, excited states
can enter the bias window and lead to additional resonant tunneling lines inside
the finite bias triangles [36]. An example of such a pair of finite bias triangles with
an excited state, measured in the etched DQD sample, is shown in Fig. 6.14(a).
The tunneling processes leading to the resonance lines of the triangles are shown
schematically in Fig. 6.14(b) and (c). In addition to the resonances due to elastic
transport through the ground and excited states, a finite background current is
measured inside the triangles. This current is either due to co-tunneling or inelastic
processes. The level scheme of an inelastic process which could occur inside the
finite bias triangles is shown in Fig. 6.14(e). The electron in the left QD tunnels to
the right QD where the electrochemical potentials of the QDs are detuned by an
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Figure 6.14: (a) Pair of finite bias triangles measured by the direct current IDQD
through the DQD. Resonant tunneling lines through the ground states of the DQD
at the base line (green arrow) and through an excited state of the right QD inside the
triangles (red arrow) can be seen. The bias voltage across the DQD is VDQD = 3 mV.
The level spacing of the excited state from the ground state is ∆ER ≈ 1.2 meV. (b)
Level scheme illustrating the elastic tunneling through the ground states. (c) Same
as (b) for the transport through the excited state of the right QD. (d) Inelastic
tunneling through an absorption process. Only the ground states of left and right
QD are shown. (e) Same as (d) but for an emission process.
energy ∆. This energy mismatch is compensated by the emission of a photon or
a phonon. Accordingly, an absorption process (Fig. 6.14(d)) can lead to inelastic
current in a gate voltage region where the current should be suppressed due to
Coulomb blockade. This fact can be used to drive an inelastic current through the
DQD by providing photons or phonons which can be absorbed by the DQD. Turning
the view around, the energy selection of the absorption given by the tunable detuning
∆ offers the possibility to use the DQD as a high-frequency detector of quantum
noise of a nearby conductor [151], such as a QPC. Such photon assisted tunneling
experiments [152] have been reported in DQDs [142, 153] based on GaAs/AlGaAs
heterostructure 2DEGs as well as in the etched nanowire DQD sample of Fig. 6.4
[144]. On the other hand, pumping of inelastic current through the DQD by the
absorption of acoustic phonons has been reported in [154, 155].

6.4.2

Phonon-mediated interference and the Dicke effect

Besides the simple phonon-assisted sequential tunneling processes sketched in Fig.
6.14(d) and (e), phonon-mediated transport through DQDs can lead to striking
quantum interference effects. This is basically due to the fact that the phonon
wavelength can be comparable to the DQD dimensions for the relevant energy scales
involved in the transport through the DQD. Figure 6.15 shows a measurement from
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the pioneering work of T. Fujisawa et al. [156], where the DQD current is plotted
against the detuning ε of the electrochemical potentials of the QDs. A large shoulder
of the DQD current next to the elastic current peak at ε = 0 can be seen for positive
detuning, which corresponds to inelastic transport by the emission of phonons. A
closer look reveals small oscillations of the current on top of the shoulder, even if the
visibility of the oscillations is limited. This behavior can be explained by a quantum
interference effect due to coherent electron-phonon coupling [157, 158].
Figure 6.15: DQD current versus
detuning ε at a finite bias VSD
for a DQD defined by focused ion
beam implantation and split gates
on a GaAs/AlGaAs heterostructure
2DEG [156]. Inelastic current due
to the emission of phonons leads to
a shoulder of the current for positive
detuning. Small oscillations can be
recognized on top of the shoulder.
Figure from [156]. Reprinted with
permission from AAAS.

Remarkably, this interference effect observed in DQDs is a solid-state analogon
to the Dicke effect, which was predicted by R.H. Dicke in 1954 [159] and describes
the collective decay of excited atoms by the spontaneous emission of radiation. Considering the simplest case of two atoms which interact through a common radiation
field, the decay occurs via two channels; the superradiant and the subradiant channel. The terms ‘super/subradiant’ arise from the comparison of the decay rates of
the coupled system with the single atom case. If Γ0 is the decay rate of a single atom
in a radiation field, then for the superradiant channel Γ+ > Γ0 and Γ− < Γ0 for the
subradiant channel, with Γ± the decay rates of the super/sub-radiant channel. This
was first observed more than 40 years after Dicke’s prediction in the spontaneous
emission of photons by two trapped ions [160].
The decay rates of the two-ion system by the spontaneous emission of photons
is given by [160]


3 sin(Qd)
Γ± (Q) = Γ0 (Q) 1 ±
,
(6.6)
2 Qd
with Γ0 (Q) the emission rate of a single ion and Q = |Q| with Q the photon wave
vector and d the distance between the ions, showing the two different decay channels.
In a DQD, the inelastic transport mediated by the spontaneous emission of phonons
is determined by an effective density of states [157]
ρ(ω) ∝



sin(ω/ωd )
1−
(ω/ωd )
72



e−ω/ωc
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of phonons which couple to the inelastic tunneling process, with ωd = cs /d where
cs is the sound velocity and d the distance between the QDs. In fact, the inelastic
tunneling rate across the central barrier of the DQD is given by γ(ε) ∼ t2c ρ(ε)
[161], with tc the tunnel coupling and ε the detuning between the QDs. Using the
dispersion relation for acoustic phonons, ω = cs |Q|, with Q the phonon wave vector,
the correspondence to the subradiant channel of Eq.(6.6) becomes immediately clear,
with the sound velocity cs corresponding to the speed of light c and d the distance
between the QDs or the ions, respectively. Optical phonons do not play a role for
the relevant energy scales for inelastic transport through DQDs. The exponential
cutoff in Eq.(6.7) is due to the finite extension of the electronic wave function of
the QDs which introduces the Debye cutoff frequency ωc = c/l, with l the extent of
the wave function, which is assumed to be a Gaussian. Since the inelastic current
Iin is proportional to γ(ε), it becomes clear that oscillations in the effective phonon
density of states ρ(ω) will lead to oscillations in the inelastic current through the
DQD.

6.4.3

Electron-phonon interaction in DQDs

In InAs, two different mechanisms of electron-phonon coupling have to be distinguished. First, the piezoelectric coupling which arises due to the ionic character
of the bonding (the bonds in InAs have a fractional ionic character of 0.36 [162])
and due to the lack of a point of inversion symmetry in the unit cell, has to be
considered. The displacement of the ions leads to an electric dipole moment which
couples to the electric field of the electrons. The Hamiltonian of the piezoelectric
interaction is given by [155, 163]

1/2


~
|e|d14 X
√
fλ (q)eiqr aq,λ + a†−q,λ ,
Hpe (r) = −
2ǫǫ0 N M q,λ 2ωq,λ

(6.8)

with d14 the bulk linear piezoelectric coefficient (d14 = −0.115 C/m2 for zinc-blende
InAs [164]), ǫ the dielectric constant, ǫ0 the vacuum permittivity, N the number
of atoms in the crystal, M the atomic mass, q the phonon wave vector, and λ the
polarization. The dimensionless function fλ (q) in Eq.(6.8) is defined as
fλ (q) =

1 X
|ǫikl |(eλ,k ql + eλ,l qk )qi ,
|q|2 ikl

(6.9)

with ǫikl the Levi-Civita symbol and eλ,i the i-component of the polarization vector
eλ . The absorption and emission rates are related to the square of the interaction
by Fermi’s golden rule
Γabs/em =

2π X
2
hψf |Hel−phonon (r)|ψi i δ(∆ − ~ωq,λ ),
~ q,λ
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for a transition |ψi i → |ψf i with |Ef − Ei | = ∆. With Hel−phonon = Hpe of Eq.(6.8),
this yields [155, 163]


1 1
π|e|2 d214 X 1
2
pe
2
hψf |e±iqr |ψi i δ(∆−~ωq,λ ),
fλ (±q) n(q) + ∓
Γabs/em =
2
(2ǫǫ0 ) N M q,λ ωq,λ
2 2

(6.11)
with n(q) the Bose-Einstein distribution function.
The second mechanism originates from the distortion of the local band structure
due to the strain field created by the displacement of the lattice sites. This deformation potential coupling does not require an ionic bonding and is for example the
main coupling mechanism in graphene [127]. Similar to Eq.(6.8), the Hamiltonian
of the deformation potential interaction is given by [155, 163]

1/2


~
iD X
(6.12)
qeλ eiqr aq,λ + a†−q,λ ,
Hdp (r) = − √
N M q,λ 2ωq,λ
with D the deformation potential coupling constant (D = −5.08 eV for zinc-blende
InAs [165]). The absorption and emission rates of the deformation potential coupling
again result from Fermi’s golden rule yielding [155, 163]


1 1
πD2 X 1 2
2
dp
hψf |e±iqr |ψi i δ(∆ − ~ωq,λ ), (6.13)
q n(q) + ∓
Γabs/em =
N M q ωq,λ
2 2

where the sum over the polarization λ has dropped out since the scalar product qeλ
in Eq.(6.12) selects the longitudinal acoustic modes.
The absorption and emission rates are for both coupling mechanisms propor2
tional to hψf |e±iqr |ψi i , which is thus the relevant matrix element for the phononmediated inelastic transport. Considering a DQD as a two-level system, the initial
and final states |ψi i and |ψf i of the transition are modeled with bonding and antibonding states (see Chap. 2)
|ψB i = cL |Li + cR |Ri
|ψA i = c∗R |Li − c∗L |Ri,

(6.14)

in the basis {|Li, |Ri} of the single QDs and with |cL |2 + |cR |2 = 1. With Eq.(6.14),
the matrix element of the interaction is evaluated as
 2
2
hψA |e±iqr |ψB i = cL cR hL|e±iqr |Li − hR|e±iqr |Ri .
(6.15)

The cross-terms (c2R hL|e±iqr |Ri − c2L hR|e±iqr |Li) have been neglected compared to
the direct terms in Eq.(6.15), since they do not affect the tunnel current significantly
[157, 161]. Assuming that the states of the left and the right QD are described by
the same wave functions
hr|Li = φ(r)
hr|Ri = φ(r − d),
74
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with d the distance between the QDs, this relates the matrix elements within each
QD through hR|e±iqr |Ri = e±iqd hL|e±iqr |Li. Inserting this into Eq.(6.15) gives
hψA |e±iqr |ψB i

2

2

= 2|cL |2 |cR |2 hL|e±iqr |Li (1 − cos(qd)) .

(6.17)

Thus the coupling matrix element for the absorption/emission rates has an oscillatory term as a function of the phonon wave vector q and the distance d between the
QDs. Assuming again the single QD wave function to be represented by a Gaus2
sian with width 2r0 , one obtains for the single QD matrix element hL|e±iqr |Li =
2
e−(qr0 ) , which is the exponential cutoff mentioned in Eq.(6.7).
(a)

(b)
yA

D
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Figure 6.16: Schematic representation showing the two possibilities of inelastic tunneling of an electron from the left to the right QD by the emission of a phonon. The
wave functions of the bonding and antibonding states, |ψB i and |ψA i, are sketched.
∆ is the energy detuning between left and right QD and d the distance between
the QDs. A finite bias is applied across the DQD. The level scheme represents the
situation of the shoulder on the emission side of Fig. 6.15. (a) The electron in the
antibonding state tunnels elastically from left to right and relaxes in the right QD
to the bonding state by the emission of a phonon. (b) The electron in the left QD
relaxes from the antibonding state to the bonding state by the emission of a phonon
and tunnels then elastically to the right QD.

This oscillatory behavior of the coupling matrix elements in Eq.(6.17) directly
translates into the oscillations in the phonon-mediated inelastic transport through
the DQD seen in Fig. 6.15. In the following, only the inelastic tunneling involving
the emission of a phonon is considered. The treatment of the absorption case is
analogous to the emission case. Figure 6.16 shows schematically the two different
possibilities of how an electron can tunnel from left to right upon which the whole
process can be understood as a quantum interference effect of the involved electronphonon coupling and tunneling matrix elements. Figure 6.16(a) depicts the situation
where the electron in the left QD is in the antibonding state and tunnels to the
right QD after which it relaxes to the bonding state by the emission of a phonon.
In Fig. 6.16(b), the electron in the left QD relaxes first to the bonding state by the
emission of a phonon and then tunnels to the right QD. The absolute value of the
phonon wave vector is given by the detuning ∆ through |q| = ∆/(~cs ). Given the
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fixed distance d between the QDs, the ratio between the phonon wavelength λph =
(2π)/|q| and the distance d basically determines if the interference is constructive or
destructive, respectively. This is due to the fact that the phase difference between
the electron-phonon coupling matrix elements in each QD is given by δϕ = qd. We
illustrate this by the following two exemplary cases:
1. The detuning ∆ is set to a value where d = 3λph /2. This gives a phase
difference of δϕ = 3π between the matrix elements hL|e−iqr |Li and hR|e−iqr |Ri
in Eq.(6.15). The two processes contributing to the inelastic transport are
(Fig. 6.16)
(a) Tunneling from |ψA i in the left QD to the right QD × Relaxation from
|ψA i to |ψB i in the right QD through hR|e−iqr |Ri

(b) Relaxation from |ψA i to |ψB i in the left QD through hL|e−iqr |Li × Tunneling from |ψB i in the left QD to the right QD
The phase difference for the tunneling from left to right QD between case (a)
and (b) is π. Thus the total phase difference between the two processes is
δϕtot = 3π + π = 4π leading to constructive interference.
2. The detuning ∆ is set to a value where d = 4λph /2. This gives a phase difference of δϕ = 4π between the matrix elements hL|e−iqr |Li and hR|e−iqr |Ri.
The two processes contributing to the inelastic transport are again
(a) Tunneling from |ψA i in the left QD to the right QD × Relaxation from
|ψA i to |ψB i in the right QD through hR|e−iqr |Ri

(b) Relaxation from |ψA i to |ψB i in the left QD through hL|e−iqr |Li × Tunneling from |ψB i in the left QD to the right QD
The total phase difference is in this case δϕtot = 4π + π = 5π leading to
destructive interference.
Hence, by changing the detuning ∆ while measuring the current through the DQD,
the interference pattern can be passed through, similar to the Aharonov-Bohm effect
(Sec. 5.1.4). As mentioned previously, the inelastic transport mediated by the absorption of phonons can be treated in the same way leading to the same interference
effect. This was recently observed in a DQD based on a GaAs/AlGaAs heterostructure 2DEG, where the absorbed phonons were generated in a nearby QPC which at
the same time, served as a charge detector of the DQD [166].

6.4.4

Sample and measurement setup

Figure 6.17 shows the sample used in the following sections. The sample consists
of an etched DQD with two self-aligned charge detectors fabricated in the same
way as described in Sec. 6.1. In addition, metallic top gates with a layer sequence
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Figure 6.17: False colored SEM image of the etched nanowire DQD with top gates.
Similar to the sample in Fig. 6.9, the DQD current is measured between A and B.
1 and 4 are the side gates used to tune the operation point of the charge detectors.
The current through the left (right) charge detector is measured between 2 and 5
(3 and 6). The top gates are evaporated on the same PMMA mask used for etching
the trenches of the 2DEG and the constrictions of the nanowire.

of Al3 O2 /Al/Ti/Au have been evaporated at the position of the etched trenches.
The extended sample design compared to the the etched DQD of Sec. 6.1 is motivated by the aim of increasing the separate tunability of the tunnel barriers and the
QDs, while keeping the strong coupling between the QDs and the charge detectors.
The top gates however, could lead to a reduced charge detection sensitivity due to
screening. It should be mentioned that the observation of the phonon-mediated interference in inelastic transport is not bound to a specific sample design and should
in principle also be observable in the etched sample of Sec. 6.1. The measurements
on that sample however, have been performed at a temperature of T = 1.8 K, which
probably smears out the coherent interference pattern.
The Al3 O2 dielectric for the top gates is obtained by the repeated evaporation
of a 1 nm layer of Al followed by a cycle of increased oxygen pressure in the evaporation chamber, which oxidizes completely the Al layer. The metallic layers are
subsequently added in the same evaporation run. The top gates are evaporated
on the same PMMA mask after the wet etching process, ensuring the alignment
between the top gates and the trenches. The electrochemical potential of the QDs
can be tuned both by the offset voltages of the charge detectors and by the top
gates. In addition, the top gates also affect the conductance of the charge detectors,
giving a highly tunable, but rather complex system with many cross-capacitances.
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Nevertheless, the sample can be tuned into a regime where the simultaneous measurement of the DQD current and the charge detection using both charge detectors
is possible. The measurements are performed in a 3 He/4 He dilution refrigerator at
a base temperature of T = 130 mK.

6.4.5

Stability diagram

Figure 6.18: Stability diagram of the DQD measured by the DQD current and by
charge detection. (a) DQD current versus the left and the right top gate voltages.
The 2DEGs of the charge detectors are at the values V2degL = −234.5 mV and
V2degR = −293.6 mV. The middle top gate is at VtgM = 202 mV. The bias across the
DQD is VDQD = 0.1 mV. (b) DQD current as a function of V2degL and V2degR . The
top gates are at VtgL = −190 mV, VtgR = −140 mV, and VtgM = 20 mV. VDQD =
0.1 mV. (c) Numerical transconductance of the right charge detector current versus
V2degL and V2degR . The side gates are at VsgL = −117.4 mV and VsgR = −165.6 mV.
(d) Same as (c) for the left charge detector. The measurements of (c) and (d) are
done simultaneously with the measurement in (b). The bias across both charge
detectors is VqpcL/R = 0.1 mV.

The tunability of the DQD sample is demonstrated in Fig. 6.18. The charge
population of the QDs can be tuned both with the top gates as well as with the
voltages on the 2DEGs of the charge detectors. The resulting honeycomb diagrams
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are shown in Fig. 6.18(a) and (b). The charging energies for the QDs in this gate
voltage regime are ∆ECL ≈ 3.2 meV and ∆ECR ≈ 2.2 meV for the left and the
right QD, respectively. The mutual charging energy is ∆ECm ≈ 0.23 meV. Besides
the triple points where the DQD current is enhanced, several cotunneling lines can
clearly be seen in both measurements. In Fig. 6.18(a), cotunneling through both the
left and the right QD is observed, whereas for the gate voltage regime of the measurement in Fig. 6.18(b) only cotunneling through the right QD can be recognized.
The stability diagram can be measured simultaneously using both charge detectors,
which is shown in Fig. 6.18(c) and (d). Here, the side gates of the charge detectors
are kept at a fixed voltage, such that the operation point of the charge detectors
changes over the measured region. The charge detection is therefore only effective
for certain regions of the gate voltage map and the boundaries of the hexagons are
superimposed to conductance resonances of the charge detectors. Nevertheless, the
stability diagram of the DQD can clearly be recognized in the measurement of the
DQD current and the charge detection using both detectors. The detection signal
can be improved by keeping the detectors on a slope of the conductance by using
the side gates. Doing this, a relative change of the conductance of ∼ 16% and a step
height of ∆G ≈ 0.02×(2e2 /h) upon the addition of a single electron to the DQD can
be reached for this sample. The reduced sensitivity compared to the etched DQD
sample without top gates could originate from the increased screening due to the
presence of the metallic gates. Compared to split gate defined QDs in GaAs/AlGaAs
heterostructure 2DEGs however, the sensitivity is still remarkably high.

6.4.6

Finite bias spectroscopy
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Figure 6.19: (a) DQD current as a function of V2degL and V2degR for VDQD = −4 mV,
showing pairs of finite bias triangles at the triple points. Periodic modulations of
the DQD current can be seen inside all triangles and on top of the increased current
due to excited states at the tip of the triangles. The top gates are fixed at values
VtgL = −0.8 V, VtgM = −0.5 V and VtgL = −1.45 V. (b) Same for VDQD = 4 mV.
The triple points of the stability diagram evolve into finite bias triangles by
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increasing the bias voltage across the DQD. Figure 6.19(a) and (b) show measurements of the DQD current at bias voltages of VDQD = ∓4 mV as a function of
V2degL and V2degR . A remarkable feature common to all bias triangles is the periodic
modulation of the inelastic current which appears as lines parallel to the base line
of the triangles. The modulation is superimposed to excited states, which can be
recognized as a stepwise increase of the DQD current towards the tip or parallel to
an edge of the triangles. The charging energies in this regime are ∆ECR ≈ 5.6 meV,
∆ECL ≈ 5.4 meV and ∆ECm ≈ 1.4 meV. From the charging energies the capacitances CΣR = 31 aF and CΣR = 32 aF of the right and left QD, respectively, are
inferred. This gives QD radii of RR/L ≈ 19 nm for both QDs.
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Figure 6.20: (a) Close-up to a pair of finite bias triangles. The bias across the
DQD is VDQD = −2.5 mV. The red arrow points to an excited state of the right QD
entering the transport window. Pronounced modulations of the DQD current are
observed parallel to the base line of the triangles. (b) Numerical transconductance
of the DQD current. The white arrow depicts the detuning line. Red dashed lines
depict the equidistant lines originating from the periodic modulation of the inelastic
transport.
A close-up to one pair of such triangles is shown in Fig. 6.20(a). The bias across
the DQD is VDQD = −2.5 mV. An excited state of the right QD leads to a stepwise
increase of the current at the tip of the triangles (red arrow). The level spacing of
this excited state is ∆ER ≈ 1.3 meV. This yields an estimated number of N ∼ 35
electrons in the right QD by assuming a spherical QD with hard walls. The level
spacing of the excited state is comparable to what was obtained for the etched DQD
sample without top gates. Below this excited state however, periodic current modulations parallel to the base line of the triangles can clearly be recognized. These
features are attributed to the aforementioned interference effect due to coherent
electron-phonon coupling in the DQD. The effect is accentuated by plotting the
numerical transconductance of the DQD current, as shown in Fig. 6.20(b). Furthermore, it can clearly be seen that the modulations extend into the region where the
excited state of the right QD enters the transport window.
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Figure 6.21: (a) Cut across the detuning line of a finite bias triangle. Strong current
peaks modulate the current in a periodic fashion. (b) Same data but with a smooth
background substracted using an adjacent averaging algorithm. The dashed lines
depict the periodicity δ∆ of the current modulations. (c) and (d) Cut across the
detuning line for two different triangles with a smooth background substracted.

The periodic modulation of the inelastic current inside the finite bias triangles
is observed over a wide range of gate voltages. Figure 6.21 shows cuts of different
triangles along the detuning line as defined by the white arrow in Fig. 6.20(b). A
smooth background is substracted from the traces in order to emphasize the current
modulations. Two traces before and after the substraction of the background are
shown in Fig. 6.21(a) and (b). Although already clearly visible in the raw data, the
interference pattern as a function of the detuning ∆ becomes even more evident after
the substraction of the background. The periodicity δ∆ of the oscillations allows to
determine the distance d between the electronic wave functions of the left and the
right QD through
hcs
d=
,
(6.18)
δ∆
with cs = 4410 m/s for axial modes of InAs nanowires, which are dominant at low
energies [165]. The extracted values with the gate voltage configurations of the
data in Fig. 6.21(b), (c) and (d) are shown in Tab. 6.2. The periodicities δ∆ of the
current modulations vary for different triangles, which are taken at different gate
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voltage configurations. The distances d between the QDs are in agreement with
the lithographic dimensions of the sample, which gives a center-to-center distance
of dlitho ≈ 295 nm between the QDs. The overall smaller values of the obtained
distances compared to dlitho could be understood from the particular gate voltage
configuration of the measurements. In this regime, the voltages VtgL/R on the left and
the right top gates are about twice as negative as the voltage VtgM on the middle
top gate. It is therefore reasonable to assume that the electronic wave functions
of the QDs are pushed towards the middle top gate, which reduces the effective
distance between the QDs. This is also in agreement with the value of the mutual
charging energy ∆ECm , which is about three times as large as the value obtained
for the etched DQD sample without top gates (Tab. 6.1). The periodicity δ∆ varies
in general for different triangles besides the ones shown in Tab. 6.2. However, a
systematic dependence of the extracted distances on the voltages of the top gates is
not observed.
δ∆
d
VtgL
VtgR
VtgM
V2degL
V2degR
VsgR
VsgL

Fig. 6.21(b)
Fig. 6.21(c)
Fig. 6.21(d)
197 µeV
121 µeV
116 µeV
93 nm
151 nm
157 nm
−0.8 V
−0.8 V
−0.8 V
−1.1 V
−1.15 V
−1.15 V
−500 mV
−495.2 mV
−480 mV
[−879.5, −864] mV [−882.5, −864] mV [−883.8, −872.5] mV
[−1.029, −1.033] V [−1.044, −1.048] V [−1.050, −1.055] V
0V
0V
0V
−0.25 V
−0.25 V
−0.25 V

Table 6.2: Table with the extracted values of the distances d and the gate voltage
configurations of the data in Fig. 6.21(b), (c) and (d).

6.4.7

Temperature dependence

The periodic modulation of the inelastic current is expected to have a strong temperature dependence since it originates from a coherent interference process. Thermal
fluctuations of the environment will lead to decoherence, which will smear out any
interference pattern with increasing temperature. The fluctuations can be modeled
with a dynamic perturbation potential inducing statistical phase changes to the
wave function of the system, which leads to a loss of phase information and thus to
decoherence [1, 167]. In this picture, the expectation value of the phase factor of a
solution ψ = ψ0 eiφ of the time-dependent Schrödinger equation is given by [1, 167]
2

heiφ i = eihφi e−hδφ i ,

(6.19)

where hδφ2 i is the width of distribution function of the random phases. Thus, the
phase factor leading to interference is exponentially damped by the accumulation of
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the random phases during the interference process. For temperatures higher than
the energy scale given by the time of the interference process, the phase changes are
according to the fluctuation-dissipation theorem related to the temperature by
kB T
hδφ2 i ∝
t0 ,
(6.20)
~
where t0 is the time scale of the interference process. Hence, the interference pattern
is expected to be exponentially suppressed with increasing temperature.
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Figure 6.22: (a) Cut across the detuning line of a finite bias triangle at different
temperatures. A smooth background is substracted analogous to Fig. 6.21. The
strength of the modulations decrease with increasing temperature. A magnetic field
of B = 1 T, which does not change the periodicity but increases the visibility of
the modulations, is applied. (b) Circles: Average of the five peaks of the current
modulations in (a) and normalized to the lowest temperature value. Solid line: Fit
to an exponential decay ∝ e−T /Tφ .

Such a temperature dependent measurement is shown in Fig. 6.22(a). The DQD
current is measured as a function of the detuning between the two QDs across a
finite bias triangle for different temperatures. It can clearly be recognized that
the amplitudes of the current modulations decrease with increasing temperature.
The temperature dependence is pointed out further by averaging the five peaks of
the current modulations and plotting the normalized amplitude of the modulations
against the temperature, as shown in Fig. 6.22(b). The data can be fitted by an
exponential decay ∝ e−T /Tφ . The proportionality factor in Eq.(6.20) is absorbed by
Tφ which gives the temperature scale over which the decoherence occurs. The fit
results in a value of Tφ = 454 mK. The decoherence can be attributed to decoherence
of the electronic wave function, where the bonding and antibonding states are washed
out with increasing temperature.

6.4.8

Confined phonon spectrum

The one-dimensional nature of the nanowires gives rise to a confined phonon spectrum with a density of states exhibiting strong peaks with an approximately equidis-
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tant energy separation. Considering inelastic transport in a DQD mediated by these
1D phonons, the particular phonon spectrum can result in current resonances inside
finite bias triangles. This was observed by C. Weber et al. in a bottom gated InAs
nanowire DQD [165] where resonance lines inside the finite bias triangles have been
attributed to the confined phonon spectrum in the nanowire. The periodicity of the
current modulations in that experiment was δ∆ ≈ 180 − 200 µeV. A calculation
of the phonon spectrum for the nanowire with a diameter of d = 50 nm yielded a
phonon density of states with peak separations of about δ0 ≈ 180 µeV, in agreement
with the measurement.
The data of the etched DQD sample presented in this chapter however, do not
indicate the confined phonon spectrum as the origin of the observed current modulations. Although the periodicities of the current modulations are similar to [165],
the diameter of the nanowire in this chapter is substantially larger (d = 130 nm),
which would result in a smaller energy spacing of the phonon modes. In addition, the periodicity changes considerably for different gate configurations, which
is expected for the interference effect due to the dependence on the distance between the QDs, but not for the confined phonon spectrum. Finally, the current
resonances due to the confined phonon spectrum should not depend strongly on
temperature below T = 1 K, since the energy separation of the phonon modes is
δ0 ≈ 180 µeV ≈ kB × 2.1 K. Instead, a strong decay of the modulation amplitude with increasing temperature is observed in the measurements presented in this
chapter.

6.5

Conclusion and outlook

We have presented the realization of tunable, etched InAs nanowire DQDs with
self-aligned charge detectors. The DQDs were obtained by wet etching of three constrictions in the nanowire which formed the tunnel barriers defining the DQD. The
charge detectors reside in the GaAs/AlGaAs substrate containing a shallow 2DEG,
where the single-step etching process ensures perfect alignment of the QDs and the
two charge detectors. The particular sample design yielded a very sensitive charge
detection signal with relative changes of the charge detector conductance of up to
66%. The high tunability of the sample allowed to perform time-resolved charge
detection using both charge detectors simultaneously. The correlation of the two
charge detector signals gives additional information about the involved tunneling
processes and enabled directional counting of single electrons. Due to the small
effective mass of InAs, excited states can already be observed at a temperature of
T = 1.8 K and its relaxation rates were characterized by time-resolved charge detection. The tunability of the etched DQD samples has been increased by the addition
of metallic top gates at the position of the constrictions of the nanowire. The charge
population of the DQD could be tuned using both the top gates and the voltages
on the charge detectors. The charge detection signal was reduced compared to the
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etched DQD sample without top gates, which could originate from increased screening due to the presence of the top gates. In addition, pronounced periodic modulations of the inelastic current inside the finite bias triangles have been observed,
which are attributed to an interference effect due to coherent electron-phonon coupling. Geometry considerations as well as temperature dependent measurements of
the current modulations support this interpretation in contrast to a picture with a
confined phonon spectrum.
A remarkable feature of this sample design is the high sensitivity of the charge
detectors to the change of the charge population of the DQD. This could be exploited
for example for high-frequency charge detection where the charge detector could be
incorporated into a radio-frequency matching circuit [135, 168, 169]. Furthermore,
the ability to perform directional counting using the two charge detectors suggests
experiments on the fluctuation theorem as reported by B. Küng et al. [141]. Concerning the interference effect due to coherent electron-phonon coupling, it would be
interesting to observe a systematic dependence of the periodicity of the modulations
on the gate voltages and on the coupling between the QDs. A comparison of the
amplitude of the modulations to a nanowire sample with different diameter could
shed more light on the effect of the dimensionality, which was pointed out while
comparing the interference effect in nanowire and graphene DQDs [127].
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Chapter 7
Top gate defined quantum dots in
InAs nanowires
In this chapter, we present measurements on top gate defined QDs in InAs nanowires with
a vertically coupled charge detector. The coexistence of a high tunability and a strong
coupling of the charge detector to the QD is demonstrated. This allows to investigate
the counting statistics of electron transfer through the QD. The Fano factor is extracted
from the distribution of electrons tunneling through the QD and shown to follow the
theoretical prediction. The data agrees well with the theoretical model for a simple twostate system even though the thermal energy is comparable to the single-particle level
spacing in the QD. The results of this chapter have been published in [170].

7.1

Fabrication

In the previous chapter, QDs in InAs nanowires were obtained by local wet etching of
the nanowire. The simultaneous etching of trenches in the underlying GaAs/AlGaAs
heterostructure 2DEG yielded self-aligned charge detectors for the QDs. It turned
out that the coupling between the QDs and the charge detectors is exceptionally
strong, resulting in a remarkably sensitive charge detection compared to laterally
defined structures in GaAs/AlGaAs heterostructure 2DEGs. However, it was not
possible to reach the few-electron regime in these QDs even by improving the sample
design by the addition of metallic top gates. The limitation of the etched QD
samples with self-aligned charge detectors is that the size of the QDs is given by the
minimal width of the charge detectors which is required to keep the detectors open
at reasonable gate voltages.
This motivates a new sample design where the size of the QDs could be more
flexible but keeping at the same time the strong coupling of the charge detector
and the QDs. The size limitation of the QDs is circumvented by decoupling the
single-step etching scheme of the QDs and the charge detectors. A GaAs/AlGaAs
heterostructure containing a 2DEG 37 nm below the surface is again used as a
substrate. The charge detector is defined by wet etching like the etched DQD
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Figure 7.1: (a) SEM image of an InAs nanowire with an etched charge detector.
The charge detector is positioned exactly below the nanowire with its axis parallel to
the nanowire. (b) SEM image of a sample with three top gates. The dark rectangle
is the pad of cross-linked PMMA. The height of the pad is 70 nm on the GaAs
surface and 20 nm on top of the nanowire. (c) Similar sample with five top gates.
(d) Schematic cross section of the sample. The PMMA serves as a gate insulator
between the nanowire and the top gates.

samples described in the previous chapter, but in contrast to before, the axis of
the detector is parallel to the nanowire. This is shown in Fig. 7.1(a) in a SEM image
with the nanowire and the charge detector lying directly below the nanowire. Instead
of etching, the QDs are obtained by the deposition of Ti/Au top gates, which has
shown to yield tunable QDs in InAs nanowires in previous works [63, 128]. There,
the top gates were deposited directly on the nanowires with the native oxide layer
of the nanowires serving as a gate insulator. While working samples fabricated by
this scheme allow to apply voltages in the range of ±1.5 V, a large fraction of the
top gates exhibit a leakage to the nanowires [57]. Therefore, an appropriate gate
insulator can increase the yield substantially. Here, we use cross-linked PMMA [80]
as a gate insulator between the nanowire and the top gates. The advantage of this
choice is that the height of the cross-linked PMMA on top of the nanowire can be
varied from a few nm to tens of nm by using different solutions of PMMA and by
varying the dose of the electron beam exposure. Furthermore, the method is very
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versatile in the sense that the position as well as the lateral size of the gate dielectric
can be set freely by electron beam lithography. A SEM image of a sample with a
pad of cross-linked PMMA and three top gates is shown in Fig. 7.1(b). Such a device
allows to tune continuously between a DQD and single QDs since the barriers in the
nanowire are defined electrostatically. In addition, the number of top gates can be
varied easily, such that the number of barrier gates and plunger gates can be chosen
freely depending on the requirements of the experiment. Figure 7.1(c) shows such
an example of a device with five top gates. A schematic cross section of the samples
is shown in Fig. 7.1(d).
The size of the QDs is given by the separation of the top gates and is thus not
anymore related to the dimensions of the charge detector. Moreover, the delicate
step of etching the nanowire is omitted, which increases the yield drastically. The
price that is paid for the increased flexibility is that the sample contains only one
charge detector for the QDs and correlated charge detection experiments as described in the previous chapter are not possible anymore. Nevertheless, the charge
detection sensitivity is expected to be comparably strong as before due to the vertical
alignment of the QDs and the charge detector.

7.2
7.2.1

Counting statistics of single electron transport
Probability distribution of electron transfer

The presence of a charge detector in a QD sample enables to perform time-resolved
charge detection experiments like the ones presented in Chap. 6 if the tunneling
rates of the barriers defining the QD can be tuned below the bandwidth of the
setup. The possibility of time-resolved charge detection means that the individual
electrons passing through the QD can be counted one by one in real time. Since
the tunneling event through a tunneling barrier is a stochastic process given by the
arrival rate of the electrons on the left side of the barrier and a certain probability
of transmission or reflection at the barrier, it is thus possible to determine by this
method the probability distribution function of the electron transfer and to get access
to the statistics of electron transport. By this approach, additional information on
the electron transport can be obtained since the statistical properties of two currents
can be very different although the mean current is the same.
This fact is illustrated in Fig. 7.2.1 The upper part of Fig. 7.2(a) (red bars) shows
a schematic representation of a train of electrons passing through a conductor. The
electron transfer is shown for an idealized case where the time interval ∆t between
two consecutive electrons is constant, giving a constant number N of transferred
electrons per time t0 . This is reflected by the probability distribution of the idealized
current shown in Fig. 7.2(b) which exhibits a single peak at N = 5. Introducing for
1

This paragraph on Fig. 7.2 follows the treatment in [150].
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(a)

(b)

(c)

Figure 7.2: (a) Upper part: Train of electrons showing an idealized current with
∆t = const. Lower part: The introduction of a tunnel barrier partitions the current
leading to fluctuations in the current. (b) Probability distribution of the number of
electrons measured in a time interval t0 for the idealized case in (a). (c) Probability
distribution for the partitioned current in (a). Reprinted from [150], with permission
from Elsevier.

example a tunnel barrier changes this picture drastically, as can be seen in the lower
part of Fig. 7.2(a) (blue bars). Due to the finite probability of the electrons to be
reflected (or transmitted) at the barrier, the current gets partitioned and the train
of electrons is not regular anymore. The fluctuations of N are called the shot noise
which arises eventually due to the granular character of the electrons. It should
be noted that the lower part of Fig. 7.2(a) represents in general a realistic current,
with the fluctuations arising from scattering of the electrons which can be due to
temperature, disorder or interactions, apart from scattering due to the tunnel barrier
considered in this example. The probability distribution of the fluctuating current
is shown in Fig. 7.2(c). It shows a finite width of the distribution of N and is
thus different from the one for the idealized current, although the mean number of
electrons transferred during t0 is still hN i = 5. Since the current I is given by
I=

ehN i
,
t0

(7.1)

a conventional measurement of the current will give the same result for both cases.
Thus, monitoring the electron transport in real-time enables to get access to the
statistics of electron transfer which is not captured by a time-averaged measurement.
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7.2.2

Full counting statistics: The spin-1/2 galvanometer

The theoretical framework for the investigation of current fluctuations by counting
the individual electrons passing across a conductor was developed by L.S. Levitov
and G.B. Lesovik and is called full counting statistics (FCS) [171]. It gives a scheme
to evaluate the probability distribution function Pt0 (N ) for N electrons transferred
in the time interval t0 and to extract all moments of the electron transfer. The
key point is the question of how a train of electrons passing the conductor and its
distribution can be measured. The question is not trivial due to the subtleties of
the quantum mechanical measurement process. Intuitively, one would start with the
probability Pt0 (m) of counting m electrons which is given by
hn|δ(me − Q̂)|ni,

(7.2)

with |ni the state of the system, δ(x) the delta function, and Q̂ the charge operator.
The problem is that Q̂ can not be defined in analogy to classical mechanics as
Q̂ =

Z

t0

ĵ(t)dt,

(7.3)

0

since the operators ĵ(t) at different t generally do not commute. A calculation of
the quantum shot noise across a barrier using Eq.(7.3) yields the correct
√ binomial
∗
statistics, but a noninteger value of the transported charge of e = 2e D, with D
the transmission probability of the barrier [172]. This problem can be circumvented
by including the measurement apparatus into the system Hamiltonian. For this, L.S.
Levitov and G.B. Lesovik considered a spin-1/2 particle in close proximity to the
conductor acting as a “quantum galvanometer” of the magnetic field produced by
the transmitted electrons [171, 173]. The precession rate of the spin-1/2 particle due
to the magnetic field is proportional to the current and hence, the precession angle
directly relates to the transferred charge. The projective measurement according to
(7.2) is thereby passed on to the degree of freedom of the galvanometer acting as an
effective charge detector. The spin galvanometer is incorporated in the Hamiltonian
by a vector potential of the spin modeled by
Âi (r) =

~
χσ̂z ∇i θ (f (r) − f0 ) ,
2e

(7.4)

with σ̂z the third component of the Pauli vector σ̂ = (σ̂x , σ̂y , σ̂z ), θ(x) the Heaviside
step function, and f (r) = f0 a function defining a surface S on which the interaction
between the detector and the charge transfer is localized. χ represents the coupling
which will determine the counting field, as will be specified later. This gives the
Hamiltonian of the interaction
Z
~
(7.5)
Hint = d3 r ĵ(r)Â(r) = χσ̂z IˆS ,
2e
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R
with ĵ(r) the current density operator and IˆS = d3 r ĵ(r)∇θ (f (r) − f0 ) the current
across the surface S. The evolution is then described by the Hamiltonian Hσ =
H(q, p) + Hint yielding the density matrix


ρ̂↑↑ (0)
Z (χ) ρ̂↑↓ (0)
,
(7.6)
ρ̂S (t0 ) = 
Z (−χ) ρ̂↓↑ (0)
ρ̂↓↓ (0)
where the distribution of the precession angles is contained in Z (χ) [174]. Eq.(7.6)
is compared to a rotated spin-1/2 density matrix


ρ̂↑↑
eiθ ρ̂↑↓
,
(7.7)
Rθ (ρ̂) = 
−iθ
e ρ̂↓↑ ρ̂↓↓
such that the density matrix can be written as a superposition
X
ρ̂S (t0 ) =
Pt0 (N )Rθ=N χ (ρ̂),

(7.8)

N

with Pt0 (N ) the probability for a precession angle θ = N χ. Thus, the distribution
of the precession angles is described by
X
Z (χ) = e−S(χ) =
Pt0 (N )eiN χ ,
(7.9)
N

where the generating function S(χ) is defined in the first equation on the left hand
side. Thus, the generating function and the probability distribution are linked by
a discrete Fourier transform, and the coupling χ and the number of transferred
electrons N are conjugate variables. At this point, it is worth examining the variable
χ a bit more closely. Classically, the precession angle for the interaction in Eq.(7.5)
is given by
Z
χ t0
θ=
IS dt.
(7.10)
e 0

Thus, a precession angle of θ = χ corresponds to a transferred charge of e in the
time interval t0 . The probability distribution Pt0 (N ) is then the probability that
a charge of N e is transferred. If one imagines a two-state system, such as a QD,
through which the charge is transferred with the two states being “0”: n electrons
in the system, and “1”: n + 1 electrons in the system, then the dynamics of the twostate system is described by the two rates Γ0→1 and Γ1→0 , as shown schematically
in Fig. 7.3. In a counting experiment however, the probability for the occupation
of the two states inferred from this scheme does not give information about the
number of electrons transferred through the QD in a time interval t0 . The counting
is achieved by introducing the counting field eiχ for a transition as depicted in
Fig. 7.3 for example for Γ0→1 . The probability distribution is then modified by an
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integer power of the counting field eiN χ for N transferred electrons.2 Hence, the
concrete example of a counting situation in a QD demonstrates the meaning of the
gedankenexperiment using a spin-1/2 galvanometer for the description of a counting
experiment by relating the counting field to the coupling χ given in Eq.(7.4).
0

Figure 7.3: Schematic illustration
e

of electron transfer through a QD
representing an exemplary two-state
system. The two rates Γ0→1 and
Γ1→0 determine the dynamics of the
system, but a counting field eiχ has
to be introduced in order to get
information about the number of
transferred electrons.

ic

G0

G1

1

0

1

7.2.3

Cumulants of the distribution function

The generating function in Eq.(7.9) allows to obtain the cumulants Ck of the distribution through [174]
∂k
Ck = −(−i)k k S(χ) χ=0 .
(7.11)
∂χ
The cumulants give a complete description of the shape of the distribution function
of the current. For example, the first four cumulants
C1
C2
C3
C4

=
=
=
=

hN i
h(N − hN i)2 i
h(N − hN i)3 i
h(N − hN i)4 i − 3C22 ,

(7.12)

yield the mean, the variance, the asymmetry (or the skewness), and the kurtosis
(or the sharpness) of the distribution. The role of the cumulants is illustrated in
Fig. 7.4.
It was shown by a counting experiment with an AFM lithography defined QD
in a GaAs/AlGaAs heterostructure 2DEG that higher order cumulants show pronounced oscillations which turned out to be a universal feature [138]. Although
the oscillations of the cumulants do not have a physical origin, it was shown that
the factorial cumulants, which are defined by modifying the generating function in
Eq.(7.9), contain informations about interactions in the system [175]. This is interesting for counting experiments in p-type GaAs QDs [176], since the interactions in
p-type GaAs are expected to be stronger than in n-type GaAs.
2

A comprehensive treatment of the concept of the counting field can be found in [72]
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Figure 7.4: Schematic illustration of the
role of the cumulants for a distribution
P (N ). The first four cumulants C1 − C4
represent the mean, the variance, the
asymmetry and the kurtosis of the distribution. Reprinted from [174], with permission from John Wiley & Sons.

Considering a current like the one shown in Fig. 7.2(a) (lower figure), the first
cumulant enters the definition of the average current
I=

eC1
,
t0

(7.13)

which is in fact Eq.(7.1). The second cumulant expresses the width of the distribution, related to the zero-frequency shot noise power by
SI2 (0) =

2e2
C2 ,
t0

which can be derived from the general definition of the spectral density [1]
Z
2
SI (ω) = dthδI(0)δI(t)ie−iωt .

(7.14)

(7.15)

2
The classical shot noise is given by the Schottky formula Sclass
(0) = 2ehIi [1], which
yields the Fano factor
S 2 (0)
C2
F = 2I
=
,
(7.16)
Sclass (0)
C1

defined as the ratio between the shot noise power and the classical shot noise. It
follows from Eq.(7.13) and Eq.(7.14) that the Fano factor is equal to the ratio
between the width and the mean of the distribution. Any value of the Fano factor
differing from 1 thus points to a process with its fluctuations not governed by classical
shot noise. A tunnel barrier with transmission D for example, yields a Fano factor
of (1 − D) < 1, with a binomial distribution of the transferred electrons. For
weak coupling however, the distribution approaches the Poisson distribution with
F = 1. The noise is therefore called sub-Poissonian if F < 1, and super-Poissonian
if F > 1. If the noise is sub-Poissonian, the shot noise is reduced due to correlations
between the transferred electrons. In QDs for example, the Coulomb blockade effect
introduces a correlation between consecutively transferred electrons. A suppression
of the shot noise by 1/2 of the classical value in single-level transport through a
QD was predicted [177], and measured in the tunneling current between the tip
of a scanning tunneling microscope and a Au nanoparticle separated by a thin Zroxide layer from the Au(111) surface [178]. Super-poissonian noise can occur in
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QDs in the multilevel regime [179], if the states couple differently to the leads and
the relaxation rates in the QD are slower than the tunneling rates [137]. Inelastic
cotunneling through a QD is another example which can lead to super-Poissonian
noise [180].
Hence, time-resolved charge detection enables to measure the probability distribution of the transferred electrons and to investigate the noise properties of the QD
in the framework of the full counting statistics. The noise gives insight into details
of the electron transport which are beyond of what can be extracted from the mean
current through the QD.

7.3

Sample and measurement setup

Figure 7.5: False colored SEM image of a sample with the same design like the one
used for the measurements. The charge detector (green) is defined by wet etching
and measured between 1 and 3. Three top gates allow to define single QDs or a DQD
in the nanowire, with its current measured between A and B. The bright rectangular
pad is the cross-linked PMMA. The in-plane side gates 2 and 4 allow to keep the
charge detector at a constant operation point.

A typical sample like the one used for the following measurements is shown in
Fig. 7.5. The wet etching of the GaAs/AlGaAs substrate defines a charge detector
in the 2DEG (shown in green) just below the nanowire. An offset voltage can be
applied to the charge detector, yielding a global back gate to tune the overall electron
density in the nanowire. Three top gates on top of the nanowire and a pad of crosslinked PMMA allow to induce QDs in the nanowire. For the shallow 2DEGs used
for this sample, the depletion voltage of split gates is ≈ −250 mV. The fact that the
nanowire and the PMMA pad are situated between the top gates and the substrate
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significantly enhances the range of applicable top gate voltages without pinching off
the charge detector. Top gate voltages in the range of −1 V can safely be applied
while keeping the charge detector sufficiently open. Nevertheless, changing the top
gate voltages has a considerable influence on the conductance of the charge detector.
This can be compensated for by the use of the in-plane side gates (shown in blue
in Fig. 7.5), which have a comparably small lever arm on the QDs. Typical ratios
between the lever arms of a top gate and an in-plane side gate on the conductance
QPC
QPC
of the charge detector are αtg
/αsg
= 0.3 ∼ 0.4.
The diameter of the nanowire at the position of the top gates is d = 93 nm. The
top gates have a width of 40 nm and an edge-to-edge separation of 128 nm. The
lithographic width of the charge detector is 280 nm, as determined by SEM prior to
the deposition and cross-linking of the PMMA pad. The height of the PMMA pad
on top of the nanowire is 20 nm, as determined by AFM. The measurements are
performed in a 4 He dewar with a VTI at a temperature of T = 1.5 K. The setup for
the time-resolved measurements is the same as described in Sec. 6.2.1.

7.4
7.4.1

Sample tunability and characterization
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Figure 7.6: (a) Current Inw through the nanowire and simultaneous measurement
of the charge detector. Iqpc exhibits steps at the positions of the Coulomb blockade
peaks in Inw . The bias across the charge detector is Vqpc = 100 µV. (b) Numerical
transconductance dIqpc /dVtgL of the charge detector as a function of the top gate
voltages VtgL and VtgR showing the stability diagram of the QD. The middle top
gate is at VtgM = −50 mV. (N ) denotes the number of electrons on the QD.
By applying negative voltages to the top gates, QDs can be formed in the
nanowire. In the single QD regime, the current Inw through the nanowire exhibits
clear Coulomb blockade peaks as a function of a top gate voltage, as shown by the red
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trace in Fig. 7.6(a). The charge detector is tuned to a slope of the conductance using
the side gates. Its conductance shown by the green trace in Fig. 7.6(a), exhibits steps
whenever the electron number of the QD changes by one. For VtgR = −307 mV, it
can be seen that the charge detector is able to detect a transition where the current
through the nanowire gets too small to be measured directly. Figure 7.6(b) shows
a measurement of the numerical transconductance of the charge detector as a function of VtgL and VtgR , with the top gates set to values where a large single QD is
formed between the left and the right outer top gates. The middle top gate is at
VtgM = −50 mV. Steps in the charge detector conductance give rise to lines running
approximately in parallel, which separate the gate voltage plot into regions where
the QD charge is fixed, reflecting the stability diagram of a single QD.
Figure 7.7(a) shows Coulomb diamonds measured in this regime. The differential
conductance of the nanowire current is plotted as a function of the bias voltage Vnw
across the QD and VtgR . From the size of the Coulomb diamonds, a charging energy
of ∆EC ≈ 1 meV is deduced. The QD is assumed to be a prolate ellipsoid with
capacitance

CΣ = 4πǫ0 ǫ

√

a2 − b 2

,
q
2
ln a/b + (a/b) − 1

(7.17)

with ǫ = 15 for InAs, a the semi-major axis, and b the semi-minor axis. With
∆EC = e2 /CΣ and setting 2b = 93 nm, a value of 2a ≈ 220 nm is obtained, in
agreement with a large single QD lying between the outer two top gates. The energy
scale of the level spacing in this regime is estimated as ∆E ∼ 70 µeV assuming
a harmonic confinement, which is comparable to kB T . Figure 7.7(b) shows the
numerical transconductance of the charge detector, measured simultaneously with
the nanowire current. Steps in the detector conductance indicate transitions in
the QD, but in contrast to the diamonds in the nanowire current, only lines with
negative slopes can be recognized. This can be explained by asymmetric coupling
of the QD states to the leads [181]. In the measured setup, the lines with negative
slope correspond to the situation where the electrochemical potential of the QD is
aligned with the Fermi level in the drain (µN = µD ). The charge detector monitors
the average charge on the QD which, in case of asymmetric barriers, is determined
by the barrier with the higher tunneling rate. Thus in this regime, the tunneling rate
to the drain is much higher than the tunneling rate to the source: ΓD ≫ ΓS . The
evolution of the coupling asymmetry is illustrated in Fig. 7.7(c) where a Coulomb
diamond measurement is performed using the charge detector. For low VtgL values,
lines with a negative slope can be seen (blue arrows), whereas lines with positive
slope appear with increasing VtgL (red arrows). The level schemes depict the coupling
asymmetry at different positions of the plot, marked by the curly arrows.
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Figure 7.7: (a) Differential conductance of the nanowire showing Coulomb diamonds. (b) Numerical transconductance of the charge detector measured simultaneously. Only lines with a negative slope are visible. The bias across the charge
detector is Vqpc = 100 µV. (c) Coulomb diamond measurement showing the charge
detector current as a function of Vnw and VtgL . The bias across the charge detector
is Vqpc = 50 µV. The measurement was performed on a second sample with the
same design like the one in Fig. 7.5. The blue arrows depict the lines of the electron
transitions where the average charge on the QD is determined by ΓD . In this regime,
ΓD ≫ ΓS . By increasing VtgL , lines with opposite sign of the slope appear, which
indicate the transition to a regime with ΓS ≫ ΓD . The corresponding level schemes
are given for the positions marked by the curly arrows. The average charge on the
QD is given by the tunneling process across the fast barrier depicted by the solid
arrows, whereas the slow process is depicted by the dashed arrow.

7.4.2

Double QD

By decreasing the voltage VtgM to more negative values, a DQD can be induced in
the nanowire. Figure 7.8(a) shows the numerical transconductance of the charge
detector as a function of the two outer top gate voltages VtgL and VtgR . The characteristic honeycomb pattern of a DQD stability diagram can clearly be recognized.
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Figure 7.8: (a) Charge stability diagram in the DQD regime measured by charge
detection. The bias across the QD is Vnw = 0 mV and across the charge detector
Vqpc = 200 µV. The middle top gate is at VtgM = −650 mV. (b) Upper figure:
Current through the DQD at a bias voltage of Vnw = −1.4 mV. Two resonances
representing transport through ground and excited states are observed. Lower figure:
Numerical transconductance of the charge detector measured simultaneously.

The middle gate is at a voltage of VtgM = −650 mV and the bias across the QD is
Vnw = 0 mV. Compared to the single QD case in Fig. 7.7, the size of the QDs is
now substantially reduced, allowing to observe excited states in finite bias spectroscopy. A pair of finite bias triangles measured both by the direct current through
the DQD and by charge detection is shown in Fig. 7.8(b). Besides the strong cotunneling current through the right QD, two pronounced resonances representing
transport through the ground states of the DQD as well as transport involving an
excited state of the right QD, are observed. The level spacing of the excited state
of the right QD is ∆E ≈ 1.2 meV, comparable the obtained values in the previous
chapters. Assuming a harmonic confinement, this gives a QD with a diameter of
≈ 53 nm, in agreement with the lithographic dimensions. The borders of the adjacent hexagons and the resonances of the finite bias triangles are accordingly resolved
in the charge detector conductance (lower figure of Fig. 7.8(b)).

7.5
7.5.1

Counting statistics in InAs nanowire QDs
Distribution of tunneling times

In order to investigate the counting statistics of single electron transfer, the sample is
again tuned to the single QD regime. The outer top gates are used to change mainly
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Figure 7.9:

(a) Coulomb diamonds
measured by time-resolved charge detection.
A time trace of a length
of 1 s is taken at each point of the
plot. VtgL = −942.6 mV and VtgR =
−955.3 mV, Vqpc = 250 µV. (b) Typical
time trace of the charge detector current.
Vqpc = 100 µV. Tunneling times τin/out
are depicted.

the tunneling rates of the barriers defining the QD, whereas the middle top gate
acts as a plunger gate to tune the electron number by changing the electrochemical
potential of the QD. The voltages VtgL and VtgR are set to values where the tunneling
rates ΓS/D become smaller than the experimental bandwidth of the detector. A
typical time trace in this regime is shown in Fig. 7.9(b), with the charge detector
conductance switching between two distinct levels for N or N + 1 electrons being
on the QD. The relative change of the detector conductance is ∆GQPC /GQPC ≈
30%. In other regimes, ∆GQPC /GQPC is even up to 60%. The present design thus
exhibits a coupling between the QD and the detector comparable to the etched DQD
samples in Sec. 6.1. Figure 7.9(a) shows a measurement of Coulomb diamonds in
this regime obtained by time-resolved charge detection. A 1 s time trace of the
detector conductance is taken at each point of the plot and the number of events
where a single electron tunnels from the QD to any lead, is counted. The outer top
gates are held at the values VtgL = −942.6 mV and VtgR = −955.3 mV.
By applying a bias voltage Vnw ≫ kB T across the QD and keeping the electrochemical potential µN +1 of the QD in the bias window, the electrons are transferred
through the QD from source to drain without tunneling back. In this case, the
current through the QD is given by the event rate as
Γin Γout
I = eRevent = e
,
(7.18)
Γin + Γout
where Eq.(6.3) and Eq.(6.5) from Sec. 6.3.2 are used. This is valid for an exponential
distribution of tunneling times given by
pin/out (τin/out ) = Γin/out e−Γin/out τin/out ,

(7.19)

which follows from the rate equation [1, 150]
ṗin/out (t) = −Γin/out pin/out (t).
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Figure 7.10: (a) Distribution of tunneling-in times extracted from a charge detector
time trace of a length of 36 s. The red solid line is a fit according to Eq.(7.19),
yielding Γin = 2.62 kHz. (b) Same analysis for the tunneling-out times. The green
solid line is the fit to Eq.(7.19) with Γout = 1.73 kHz. (c) Close-up to short times
for τin/out . The cutoff (red arrow) due to the finite bandwidth of the detector can
be seen for short times. (d) Distribution of event times as defined in the text.
The correlation induced short-time suppression due to the Coulomb blockade effect
can be recognized. The pink solid line is Eq.(7.21) with the tunneling rates Γin/out
extracted from the fits in (a) and (b).

A distribution of tunneling-in times τin extracted from a time trace of a length of
36 s is shown in Fig. 7.10(a). The red solid line is a fit to Eq.(7.19). It can be seen
that the tunneling times follow the expected exponential distribution. The spread of
the data points towards larger tunneling times is due to the limited statistics given by
the finite length of the time trace. The fit gives a tunneling-in rate of Γin = 2.62 kHz.
The same analysis is done for the tunneling-out times as shown in Fig. 7.10(b).
The data is again in good agreement with Eq.(7.19) and a tunneling-out rate of
Γout = 1.73 kHz is extracted from the fit (green solid line). The finite bandwidth
of the measurement setup leads to deviations from the theoretical expression of
Eq.(7.19). This can be seen in Fig. 7.10(c) where a close-up to the data of τin
and τout is shown. For short tunneling times, the finite bandwidth of the detector
introduces a cutoff of the data points (red arrow). From the cutoff time, a detector
bandwidth of Γdet ≈ 20 kHz is extracted. The finite bandwidth of the detector can
be taken into account by including the detector with its rate Γdet in the two-state
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diagram of Fig. 7.3 [182].
The expression of the event rate in Eq.(6.5) from Sec. 6.3.2 points to the definition
of a tunneling event as a pair of two consecutive tunneling-in and tunneling-out
events. This defines the event time as τevent = τin + τout and gives for the distribution
[150, 183]

Γin Γout
pevent (τevent ) =
(7.21)
e−Γin τevent − eΓout τevent .
Γin − Γout

The distribution of the event times is shown in Fig. 7.10(c). The pink solid line is the
theoretical expression of Eq.(7.21) with the tunneling rates Γin/out obtained from the
fits in Fig. 7.10(a) and (b), giving a good agreement with the data. The short-time
suppression of the distribution of the event times is even more pronounced compared
to the distribution of the tunneling times τin/out . This has a different origin than the
finite bandwidth as for τin/out , and can be attributed to the Coulomb blockade effect
introducing a correlation between consecutively transferred electrons, as discussed
in Sec. 7.2.3.

7.5.2

Distribution of electron transfer through the QD

As shown by D.A. Bagrets and Yu.V. Nazarov [184], the full counting statistics of
electron transfer through a QD can be accessed by considering the rate equation
containing the two tunneling rates Γin and Γout
 
 
  
d p0
p0
−Γin Γout
p0
,
(7.22)
= L̂χ
= iχ
p1
p
e
Γ
−Γ
p
dt 1
in
out
1
with p0/1 the occupation probabilities of the two-state system according to Fig. 7.3,
and the counting field introduced at the the transition Γin = Γ0→1 . It can be shown
that the generating function S(χ) is then given by [184]
Z(χ) = e−S(χ) = hu1 |Ûχ |u0 i,

(7.23)

where hu1 | and |u0 i are the left and the right steady-states of L̂χ=0 and Ûχ is the
propagator with L̂χ in the exponent. Thus, the generating function is given by the
eigenvalues of L̂χ . For long measurement times t0 ≫ Γin/out , only the eigenvalue
with the smallest real part is relevant for the generating function, such that S(χ) =
t0 λmin {L̂χ }. With L̂χ from Eq.(7.22) this gives


q
t0
2
(7.24)
S(χ) =
Γin + Γout − (Γin − Γout ) + 4Γin Γout eiχ .
2
The inverse Fourier transform of Eq.(7.9) yields the probability distribution function
Z π
1
pt0 (N ) =
e−S(χ)−iN χ dχ.
(7.25)
2π −π
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Once the generating function is identified, all cumulants of the distribution are
obtained through Eq.(7.11) reproducing for example the expression of the mean
current in Eq.(7.18) by evaluating C1 . Furthermore, this gives for the Fano factor
F =

1 + a2
C2
Γ2in + Γ2out
=
,
=
C1
2
(Γin + Γout )2

(7.26)

where the coupling asymmetry a is defined by a = (Γin − Γout ) / (Γin + Γout ). With
Eq.(7.26), the sub-Poissonian behavior of the shot noise of a QD can easily be seen.
For a maximally symmetric QD (a = 0), F = 1/2, as discussed in Sec. 7.2.3. In
contrast, if the coupling is maximally asymmetric (a = ±1), the Poissonian case
of F = 1 is recovered, since the electron transfer through the QD is effectively
determined by the tunneling rate of only one barrier.
In the present sample, the coupling asymmetry can be tuned very precisely by
the outer two top gates, while keeping the electrochemical potential of the QD constant using the middle top gate. The procedure is illustrated in the measurement in
Fig. 7.11(a), where the event rate is shown as a function of the two outer top gate
voltages VtgL/R with a finite bias voltage applied across the QD. The particular shape
of the Coulomb resonance running from the upper left part to the lower right part of
the plot can be explained by the different coupling asymmetries of the QD. The left
level scheme illustrates the situation in the upper left part of the plot (blue arrow).
Here, the right barrier is very opaque, such that only equilibrium fluctuations across
the left barrier are resolved in the measured time traces. In the lower right part
of the plot (red arrow), the situation is reversed, and only equilibrium fluctuations
across the right barrier are visible (right level scheme). The rectangular shape of a
finite event rate between these to regimes marks the region where both barriers are
sufficiently transparent, such that transitions across both barriers are recorded in
the time traces. Therefore, by changing VtgL/R along the white arrow, the distribution of electrons transferred through the QD can be measured as a function of the
coupling asymmetry a of the QD. Two such distributions for the asymmetric and the
symmetric cases are shown in Fig. 7.11(c) and (d), respectively. The green bars represent the histogram of the number of transferred electrons measured in 1800 time
intervals of t0 = 20 ms. The tunneling rates Γin/out are obtained from the averaged
tunneling times of the time traces at each gate voltage values of VtgL/R according to
Eq.(6.3) of Sec. 6.3.2. Using the tunneling rates, the Bagrets-Nazarov distribution
following from Eq.(7.24) and Eq.(7.25) is calculated and shown as red solid lines in
addition to the histogram. It can be seen that the data of the histograms is overall
in good agreement with the theory. The small deviation of the data with respect
to the theoretical model in Fig. 7.11(d) is attributed to possible false counts due to
fluctuations of charge traps in the vicinity of the QD and to the occasional presence
of three-level traces, which could arise from two excess electrons tunneling through
the QD. This is reasonable considering the small charging energy of the QD and the
rather high temperature of T = 1.5 K of the measurement.
From the width and the mean of the experimental distributions, the Fano factor

103

Chapter 7. Top gate defined quantum dots in InAs nanowires

F = h(N − hN i)2 i/hN i is extracted. Fig. 7.11(b) shows the Fano factor measured
for different values of a, where a was varied by changing VtgL/R along the white
arrow in Fig. 7.11(a). The red solid line is the theoretical prediction of Eq.(7.26),
in agreement with the data over the whole range of a. Note that for the red solid
line, no fitting parameters are used since the tunnel rates are extracted from the
experimental data.
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Figure 7.11: (a) Measurement of the event rate as a function of the outer two
top gate voltages VtgL/R illustrating the change of the coupling asymmetry a. A
finite bias of Vnw = 1.5 mV is applied across the QD. The middle top gate is at
VtgM = −13 mV. The bias across the charge detector is Vqpc = 100 µV. The level
schemes depict the asymmetry of the tunneling rates at different regions of the plot.
The blue arrow points to the Coulomb resonance in the regime where ΓL ≫ ΓR
and only equilibrium fluctuations across the left barrier are recorded. The reversed
situation ΓR ≫ ΓL with equilibrium fluctuations across the right barrier is depicted
by the red arrow. The rectangular region in between represents the regime where
both barriers are sufficiently transparent and transitions across both barriers are
resolved. A measurement along the white arrow while keeping µN +1 inside the bias
window allows to determine the distribution of electrons transferred through the
QD. (b) Fano factor measured at different asymmetries a. The red solid line is the
theoretical prediction of Eq.(7.26). (c) Distribution of electrons transferred through
the QD for an asymmetric coupling of the QD. The bias voltage across the QD is
Vnw = 2 mV, the bias across the charge detector is Vqpc = 100 µV. The number of
electrons passing through the QD is measured during 1800 intervals of a length of
t0 = 20 ms. The red solid line is the Bagrets-Nazarov distribution. (d) Same for a
symmetric coupling of the QD.
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7.6

Conclusion and outlook

We have presented measurements on top gate defined InAs nanowire QDs with a
vertically coupled charge detector in an underlying GaAs/AlGaAs heterostructure
2DEG. The vertical alignment of the charge detector and the QDs preserves the
strong coupling between the QDs and the charge detector, like the etched DQD
samples discussed in Chap. 6. The QDs are induced electrostatically by applying
appropriate voltages on the top gates. This substantially increases the lithographic
flexibility on the sample dimensions as well as the tunability of the sample. Crosslinked PMMA is used as a gate dielectric which is proven to be a versatile choice
concerning its simplicity of processing and integrability into the sample. The sample
could readily be tuned between the single QD and the DQD regime while keeping
the charge detector sensitive to all transitions in the QDs. By decreasing the top
gate voltages defining the barriers of the QD to more negative values, the counting
regime where time-resolved charge detection becomes possible, could be reached.
This allowed to perform measurements on the counting statistics of electron transfer and to determine the probability distribution of electrons tunneling through the
QD. The Fano factor extracted from the experimental distributions has been shown
to follow the theoretical expectation of the dependence on the coupling asymmetry,
indicating a suppression of the shot noise due to the Coulomb interaction in the
QD. However, the single-particle level spacing is comparable to the temperature
and the QD is in fact in the multi-level transport regime. The good agreement of
the measurement of the counting statistics with the theory as well as the measured
exponential distribution of the tunneling times nevertheless indicate that the electron transfer can effectively be described by the rate equation of a simple two-state
system. This points to a fast relaxation of the excited states involved in the tunneling processes compared to the bare tunneling rates of the barriers defining the
QD, similar to what has been found recently for time-resolved single hole transport
through a QD in the counting regime [176].
The presesented sample combines the high tunability of top gated QDs in InAs
nanowires with the exceptional charge detection sensitivity of the etched QDs. The
flexibility could be exploited by decreasing further the size of the QDs. The charge
detector extends the region of applicable gate voltages considerably such that it
should be feasible to reach the few-electron regime with this sample design without
greatly involved tuning of the tunnel barriers. Besides the numerous measurements
that open up in the spin blockade regime, it could be interesting to investigate the
counting statistics with clearly identified excited states involved in the tunneling processes, since these could lead to additional correlations showing up in the statistics.
The strong coupling of the charge detector to the QDs also rises the question about
back-action, where photon-assisted tunneling should have a pronounced influence on
the tunneling processes. Similar to the etched samples, the high sensitivity of the
charge detector suggests to perform radio-frequency charge detection on these kind
of samples with the advantage that the tunneling rates can be tuned independently.
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Chapter 8
QDs in graphene/InAs nanowire
hybrid structures
In this chapter, we present measurements on QDs in graphene/InAs nanowire hybrid
nanostructures. The QDs in the nanowire are obtained by bottom finger gates, and a
graphene nanoribbon on top of the nanowire QDs is conceived as a charge detector.
We give a short introduction on graphene and its remarkable properties arising from the
particular band structure, describe the details of the fabrication process and discuss the
observation of Pauli spin blockade in bottom gated InAs nanowire DQDs at elevated
temperatures of up to T ∼ 3.4 K. The results of this chapter are in preparation for
publication [185].

8.1

Graphene

The first isolation of graphene, the two-dimensional allotrope of carbon, in 2004 [30]
has triggered an impressive diversity of research from theory to experiment with a
compelling impact on the field of mesoscopic physics [29, 186]. A comprehensive
review on the subject can be found amongst numerous others in [187], which the
following short introduction is in line with.

8.1.1

Band structure

Graphene is a two-dimensional monolayer of carbon atoms serving as a base constituent for various allotropes of carbon such as fullerenes, carbon nanotubes or the
common three-dimensional graphite [189]. The carbon atoms in graphene are arranged in a honeycomb lattice, as shown in Fig. 8.1(a). Three of the four valence
electrons of the carbon atoms are sp2 -hybridized and form strong covalent in-plane
σ-bonds to three neighboring atoms. The fourth 2pz -orbital with its axis of symmetry perpendicular to the graphene layer is at the origin of the π- and π ∗ -bands of
graphene. The primitive cell of graphene contains two atoms (red and black circles
in Fig. 8.1(a)) translating to two inequivalent corner points K and K’ of the first
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Figure 8.1: (a) Honeycomb lattice of graphene in real space. A and B denote the
atoms of the two sublattices. a1 and a2 are the primitive vectors of the lattice, ci ,
i = 1, 2, 3, the vectors connecting an atom to its nearest neighbors. A primitive cell
is shown in yellow. The lattice constant of a sublattice is a = 2.46 Å [188]. (b)
Band structure of graphene according to Eq.(8.1). K- and K’-points are depicted.
The red circle marks a Dirac point.

Brillouin zone. This leads to the valley degeneracy of gv = 2 of graphene. The
intriguing properties of graphene originate from its particular band structure, which
was calculated already in 1947 by P.R. Wallace [188]. A tight-binding calculation
taking into account only nearest neighbors yields for the energy
r
√

3ky a/2 + 4 cos2 (kx a/2),
(8.1)
E± (k) = ±γ0 1 + 4 cos (kx a/2) cos

with γ0 the nearest-neighbor hopping energy and a the lattice constant of a sublattice
depicted in Fig. 8.1(a). The ± sign stands for the π ∗ -band and the π-band, which
form the conduction and the valence band, respectively. A detailed calculation of the
band structure can be found for example in [1]. The band structure obtained from
Eq.(8.1) is shown in Fig. 8.1(b). It can be seen that the energy is symmetric around
zero energy and that the conduction and the valence bands touch each other at the
six corners of the first Brillouin zone. Hence, graphene is a zero-gap semiconductor
(or a zero-overlap semimetal). The incorporation of the next-nearest-neighbors in
the tight binding calculation breaks the electron-hole symmetry [187]. The Fermi
energy exactly cuts the touching points since the two pz -electrons per unit cell fill
the π-band. At a corner point (K or K’) of the first Brillouin zone (red circle in
Fig. 8.1(b)) the dispersion can be approximated by
√

E± (q) ≈ ±~vF |q|,

(8.2)

with vF = 3γ0 a/2~ ≈ 106 ms−1 the Fermi velocity, and q = k − K (or q =
k − K’). In contrast to electrons in conventional semiconductor 2DEGs, the Fermi
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velocity does not depend on the energy or momentum, but the dispersion of Eq.(8.2)
resembles the dispersion of a relativistic particle with zero rest mass, where the speed
of light c is replaced by vF . The corners of the first Brillouin zone are termed Dirac
points and in their vicinity, the charge carriers behave like massless Dirac fermions.
In fact, Eq.(8.2) represents the energy eigenvalues of the Dirac equation (near the
K-point)
− i~vF σ∇ψ(r) = Eψ(r),
(8.3)

with the Pauli matrices σ = (σx , σy ). For the K’-point, σ is replaced by σ ∗ =
(σx , −σy ).

8.1.2

Transport properties

Graphene exhibits a pronounced electric field effect which is the basic property making it interesting for semiconductor nanoelectronics applications [30]. Commonly,
graphene samples are deposited onto a highly doped Si substrate covered by a layer
of SiO2 , which acts as a back gate to tune the charge carrier density in the graphene
layer. Figure 8.2(a) shows a typical back gate trace of the conductivity of a bulk
graphene sample measured at T = 4.2 K. The conductivity exhibits a linear dependence on the gate voltage with a minimum close to Vbg = 0. In the Drude picture,
the conductivity is given by σ = n|e|µ, with n the charge carrier density and µ the
mobility. Thus, by changing the back gate voltage it is possible to pass through
the Dirac point where the charge carrier density is expected to be zero. The shift
of the Dirac point VD 6= 0 from zero back gate voltage reflects the sensitivity of
graphene to all kinds of adsorbates on the surface due to its direct exposure to the
environment [190, 191]. The finite value of the conductivity at the Dirac point is
attributed to disorder-induced electron-hole puddles near the Dirac point [192–194].
The charge carrier density dependence on the back gate voltage is described by a
plate capacitor model
ǫ0 ǫ
ne − nh =
(Vbg − VD ),
(8.4)
d|e|
where ne and nh are the electron and hole densities, ǫ0 and ǫ = 3.9 the permittivities of free space and of SiO2 , respectively, and d the thickness of the SiO2 layer.
This allows to extract the mobility from the measurement of the linear part of the
conductivity, yielding µ = 21 250 cm2 /Vs for the trace shown in Fig. 8.2(a). The
main scattering mechanism limiting the mobility is attributed to charged impurity
scattering [191]. The nonlinearity at higher carrier densities is supposed to originate
from short-range scatterers [191], which is observable for clean samples with high
mobilities.
The Dirac fermion character of the charge carriers leads to remarkable effects in
transport, which are very different from what can be seen in conventional semiconductor 2DEGs. The eigenstates in momentum space for Eq.(8.3) are [187]
 −iθ /2 
1
e q
(8.5)
ψ± (q) = √
iθ /2 ,
2 ±e q
109

Chapter 8. QDs in graphene/InAs nanowire hybrid structures

(a)

2
s(4e /h)

4
3
2
1
-10

-5

0
5
Vbg(V)

10

Figure 8.2: (a) Typical back gate trace of the conductivity of bulk graphene. In
the measured sample, the graphene is deposited onto a boron nitride flake lying on
top of a Si/SiO2 substrate. The red solid line is the fit of the linear part of the
conductance on the hole side. (b) Schematic representation of the band structure
near a Dirac point. The pseudospins are depicted as double arrows. (c) Schematic
representation of the integer quantum Hall effect in a conventional semiconductor
2DEG. The red trace shows the Hall conductivity. The Landau levels are illustrated
in blue and orange. n is the carrier density, g = gs gv the degeneracy factor. (d)
Same for single-layer graphene. (c) and (d) reprinted by permission from Macmillan
Publishers Ltd: Nature Physics ([195]), copyright (2008).

with θq = arctan(qx /qy ). The wave functions ψ± (q) change sign upon a rotation
about 2π. Thus, the eigenstates are two-component spinors which define the pseudospin of the wave function characterizing the proportion of the two sublattices. The
two branches of the pseudospin around the Dirac point are shown in Fig. 8.2(b). The
direction of the pseudospin is linked to the momentum in the sense that they are
always parallel in the conduction band and antiparallel in the valence band. The
states in the bands near the Dirac point have therefore a well-defined helicity. This
leads to a strongly suppressed backscattering in the absence of a short-range potential acting differently on the two sublattices, and which would thus be able to flip the
pseudospin in a backscattering process (Fig. 8.2(b)). This fact is closely related to
the concept of Klein tunneling known from quantum electrodynamics [196], where
the Dirac fermions exhibit perfect transmission across a potential barrier at normal incidence [197, 198], in contrast to the exponential suppression of tunneling for
conventional charge carriers in semiconductors with parabolic dispersion. The sup-
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pression of backscattering translates into expected large intrisic room temperature
mobilities of µ & 200 000 cm2 /Vs [199, 200].
The charge carriers of graphene behaving like Dirac fermions also give rise to new
magnetotransport properties expressing itself in an anomalous integer quantum Hall
effect [195, 201]. The Landau level spectrum for single-layer graphene is given by
q
(8.6)
EN = sgn[N ] 2e~vF2 |N |B,
where N is the Landau level index with N > 0 for electrons and N < 0 for holes.
In contrast to the spectrum EN = ~ωc (N + 1/2) (ωc the cyclotron frequency) for
conventional 2DEGs, there is a Landau level at E0 = 0 occupied by both electrons
and holes. Thus, the plateaux of the Hall conductivity are shifted by half of an
integer and the sequence reads


1 e2
σxy = ±gs gv N +
,
(8.7)
2 h

with gs the spin and gv the valley degeneracy. The expected sequences of Hall
plateaux with schematic representations of the Landau levels for a conventional
semiconductor 2DEG and for graphene are shown in Fig. 8.2(c) and (d).
The discussion up to now has been treating the case of single-layer graphene.
Another interesting system is bilayer graphene, which exhibits a parabolic dispersion
but is lacking a band gap similar to single-layer graphene. In contrast to the wave
function in Eq.(8.5) of single-layer graphene, the wave function of bilayer graphene
is a spinor containing the amplitudes of the two sublattices on the two different
layers of graphene. Thus by introducing an asymmetry in the on-site potential on
the two sublattices between the two layers, it is possible to open a band gap [202].
The fact that this can in principle be achieved by just applying an asymmetric gate
voltage between a top and a back gate makes bilayer graphene a promising system
for potential applications and the fabrication of nanostructures [203–205].

8.2
8.2.1

Fabrication
Bottom gated InAs nanowires

In this chapter, a complementary approach to the top gated QDs of the previous
chapters is presented by using bottom finger gates to define the QDs in the nanowire.
Bottom gates in InAs nanowires were previously shown to result in tunable and
stable QDs as well as DQDs [129]. This design was subsequently used to measure
the SO-interaction strength in InAs nanowires by the singlet-triplet avoided crossing
in a QD [75] and more recently, to obtain a SO-qubit using a DQD [24]. In general,
both the top gate and the bottom gate technique were shown to give similar lever
arms for the QDs and comparable tunability, but the stability with respect to gate
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voltage sweeps was suggested to be improved for the bottom gate scheme [206]. The
devices in the mentioned works are obtained by depositing first a grid of bottom
finger gates on a Si substrate follwed by covering the gates with a typically 20−40 nm
thick layer of Si3 N4 dielectric using plasma-enhanced chemical vapour deposition or
sputtering. The contact areas of the bottom finger gates are kept free either by
etching away the Si3 N4 or by the deposition of the dielectric in predefined regions
using electron beam lithography and subsequent lift-off. After the deposition of the
nanowires, Ohmic contacts to the nanowire and contacts to the required bottom
finger gates are obtained using an additional lithography step.

Figure 8.3: (a) Optical microscope image of an array of finger gates and crosslinked PMMA pads (blue rectangles). The finger gates are deposited on a Si/SiO2
substrate. (b) SEM image of a set of three finger gates before the deposition of
the cross-linked PMMA. (c) SEM image of a contacted nanowire. Contacts to the
finger gates are fabricated in the same electron beam lithography step. The dark
rectangular pad is the cross-linked PMMA. (d) Optical microscope image of the
same sample.
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Here, a similar approach is employed, but instead of Si3 N4 , cross-linked PMMA
is used as a gate insulator. The suitability of cross-linked PMMA has been discussed
in Chap. 7. The advantage compared to the processes using Si3 N4 is that neither
etching nor lift-off of the dielectric is required, since the pattern of the gate insulator
is defined directly by electron beam lithography. Figure 8.3(a) shows an optical
microscope image of an array of finger gates and pads of cross-linked PMMA. A
SEM image of a set of three finger gates intended for the definition of single QDs or
a DQD is shown in Fig. 8.3(b). The finger gates have typically a width of 30 nm and
an edge-to-edge separation of 68 nm and are obtained by the evaporation of Ti/Au
(3 nm/12 nm) on top of a degenerately doped Si substrate with a thermally grown
SiO2 layer of 295 nm thickness. The thickness of the cross-linked PMMA on top of
the finger gates is 15 − 20 nm, as determined by AFM. The nanowires are deposited
randomly on the array of finger gates and a nanowire with appropriate position is
chosen for further processing. Ohmic contacts to the nanowire and contacts to the
finger gates are fabricated by a subsequent electron beam lithography step. A SEM
and an optical microscope image of a contacted nanowire with bottom finger gates
are shown in Fig. 8.3(c) and (d), respectively.

8.2.2

Graphene nanoribbons on top of InAs nanowires

In order to keep the vertical alignment and the strong coupling between the charge
detector and the QDs, a way to position the detector on top of the bottom gated
nanowire has to be envisioned. Graphene offers itself as an ideal material for this
purpose due to its structural strength and flexibility as a membrane [207]. Since
the nanowire with the bottom gates, the cross-linked PMMA pad and the Ohmic
contacts represent a rather bumpy surface, a flexible membrane like graphene is well
suited to be positioned on top of the nanowire and to be processed into a charge
detector. The latter is motivated by the fact that etched graphene nanoribbons were
shown to perform remarkably well as charge detectors for graphene QDs [208–210].

Figure 8.4: (a)−(d) Schematic illustration of the mechanical transfer process.
An example where a graphene flake is
transferred onto a BN flake is shown.
The same process can be used to transfer
graphene or BN onto a nanowire. Figure
adapted by permission from Macmillan
Publishers Ltd: Nature Nanotechnology
([211]), copyright (2010)

While the first exfoliation of graphene achieved by the “scotch tape method” [30]
does not offer control over the final position of the graphene flake on the substrate,
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C.R. Dean et al. [211] developed a process to transfer graphene on any substrate
and to control precisely the position of the deposited flake. This mechanical transfer process is illustrated in Fig. 8.4(a)-(d), showing an example of a transfer of a
graphene flake on top of a boron nitride (BN) flake. The scheme is divided into four
steps1 :
a) A Si chip used as a transfer chip is spin coated with a water soluble solution of
polyvinyl alcohol (PVA 9000, 4.7% mass in DI water) and a layer of PMMA.
The first discovery of graphene was owing to the remarkable fact that even
single-layer graphene is visible by eye on a Si/SiO2 substrate [30, 213]. The
PVA and the PMMA solutions as well as the spin parameters are therefore
carefully adjusted such that the total resist thickness is ≈ 300 nm, comparable
to the thickness of SiO2 on the substrates used for conventional graphene
samples. The comparable dielectric constants of the polymers and the SiO2
ensures the visibility of the graphene on the transfer chip. The spin coated
transfer chip with the mechanically exfoliated graphene on its surface is placed
on top of a beaker filled with DI water.
b) The PVA gets dissolved in the water starting from the edge of the transfer
chip. As the PVA is completely dissolved, the Si chip sinks to the bottom
of the beaker leaving behind the PMMA layer floating on top of the water
surface.
c) A metallic slide with a small (diameter: ≈ 2 mm) hole is used to grab the
PMMA layer supporting the graphene flake from the water. While grabbing
the PMMA, the metallic slide is positioned in such a way that the graphene
flake is positioned above the hole of the slide. The position of the flake is recognized by small scotch tape markers deposited in step a) after the mechanical
exfoliation of the graphene on the transfer chip. Using a micromanipulator together with an incorporated optical microscope, the metallic slide and thus the
graphene flake can be positioned on top of the BN flake lying on a conventional
Si/SiO2 substrate.
d) The slide is approached onto the substrate until the PMMA layer is in contact
with the substrate. Heating of the Si/SiO2 chip improves the adhesion between
the PMMA and the substrate. The slide is removed after ∼ 15 min of waiting
time and the PMMA stripped in acetone, leaving behind the graphene flake
at the desired position on top of the BN.
Here, the scheme is employed to the bottom gated nanowire sample in order to
deposit a graphene flake on top of the nanowire. In fact, the mechanical transfer
process described turns out to be very versatile in the sense that not only flat
materials like graphene or BN can be transferred, but the recipe is also suitable to
1

This paragraph on Fig. 8.4 is in line with the comprehensive description given in [212].
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Figure 8.5: (a) Optical microscope image of the used BN flake deposited on a transfer chip. (b) Single-layer graphene flake on a second transfer chip chosen for further
processing. (c) Bottom gated nanowire with Ohmic contacts used for the presented
sample. (d) Sample after transferring the BN flake from (a). (e) Same after transferring the graphene flake of (b), before stripping the PMMA of the transfer film.
(f) Final sample with Ohmic contacts to the graphene and etched trenches which
define the graphene nanoribbon. Inset shows an AFM image of the nanoribbon, the
scale bar is 200 nm.
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transfer nanowires. The reversed process of the deposition of a nanowire on top of
a graphene flake is presented in Appendix C.
In principle, the graphene flake could be deposited directly on the nanowire,
since the native oxide of the nanowire would serve as an insulator between the
graphene and the nanowire. Instead, an additional layer of BN is introduced prior
to the transfer of the graphene. The reason for this choice is twofold: First, the
disorder induced by the substrate supporting the graphene limits the performance
of graphene devices [194]. Suspending the graphene by removing the SiO2 substrate
[194, 214] circumvents the substrate-related limitations but increases substantially
the complexity of sample fabrication. Another approach is to replace the SiO2 by a
hexagonal BN substrate which was shown to improve significantly the quality of the
graphene devices [211]. In addition, since the graphene layer is supported by the BN
substrate, such samples are as stable as the conventional samples on SiO2 compared
to the rather fragile suspended graphene devices. Second, the fabrication of a charge
detector out of a graphene flake is usually achieved by reactive ion etching using an
electron beam lithography defined mask. Since the graphene is positioned on top of
the nanowire, the BN flake below the graphene protects the nanowire from potential
damage due to the reactive ion etching process.
Figure 8.5(a)−(f) show the different steps of the fabrication. A BN flake on top of
a spin coated transfer chip with appropriate lateral size and thickness is chosen using
optical and atomic force microscopy (Fig. 8.5(a)). The graphene flake used for this
sample is shown in Fig. 8.5(b). Both the BN and the graphene flake are deposited
onto the transfer chips by mechanical exfoliation using the “scotch tape” method.
Raman spectroscopy is used to determine the number of layers of the graphene flake
[215], confirming that the thinnest part of the used flake is single-layer graphene2 .
Figure 8.5(c) and (d) show the contacted nanowire before and after the deposition of
the BN. The deposition is achieved with the mechanical transfer process described
above. A second transfer step is employed to deposit the graphene on top of the
BN, as shown in Fig. 8.5(e). Ohmic contacts to the graphene are defined by electron
beam lithography and by the evaporation of Cr/Au. Finally, the charge detector
is obtained by etching a nanoribbon on top of the nanowire using another electron
beam lithography step and reactive ion etching. The final sample on which the
measurements in the following chapters are performed, is shown in Fig. 8.5(f). The
inset shows an AFM image of the graphene nanoribbon on top of the nanowire. The
width of the nanoribbon is d = 85 nm, as determined by AFM. The layer structure
of the entire device from bottom to top is:
1. Si/SiO2 substrate with an oxide thickness of dox = 295 nm.
2. Ti/Au (3 nm/12 nm) bottom finger gates.
3. Pad of cross-linked PMMA of a thickness of 15 − 20 nm.
2

Raman spectroscopy measurements performed by C. Barraud and S. Dröscher.
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4. InAs nanowire with Ti/Au Ohmic contacts.
5. BN flake of a thickness of 25 nm.
6. Single-layer graphene flake with Cr/Au Ohmic contacts containing a nanoribbon positioned on top of the QDs.

8.3
8.3.1

Sample tunability and characterization
Sample and measurement setup

Figure 8.6: Schematic illustration of the bottom-gated InAs nanowire/graphene
hybrid sample. The BN flake is shown in light blue on top of the nanowire. The
grey rectangle on top of the BN is the graphene. The trenches defining the nanoribbon are indicated by the two dashed curves. The Ohmic contacts to the graphene
nanoribbon are depicted. The contacts to the graphene side gates and the pad of
cross-linked PMMA between the nanowire and the bottom gates are omitted. A
Si/SiO2 substrate acts as a back gate for the whole sample.

Figure 8.6 shows a schematic representation of the samples measured in the
following. The Si/SiO2 substrate is used as a back gate to tune the overall density
in the nanowire and the graphene. The QDs in the nanowire are induced by the
three bottom gates. The graphene nanoribbon is conceived as a charge detector for
the QDs in the nanowire. The conductance of the nanoribbon can be tuned using
the graphene side gates. In addition, the graphene nanoribbon can act as a global
top gate of the nanowire by applying an offset voltage to the nanoribbon. The
sample is designed in such a way that the nanoribbon is oriented parallel to the axis
of the nanowire in order to minimize the strain on the nanoribbon due to the profile
of the nanowire. The effects of strain in graphene are highly interesting since strain
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can be modeled as an effective vector potential mimicking large effective magnetic
fields [216–218]. Nevertheless, the graphene nanoribbon in the presented sample
is designed to circumvent possible strain effects, since the nanoribbon is conceived
to be a simple charge detector for the nanowire QDs. If not otherwise stated, the
measurements are performed in a VTI equipped with a superconducting magnet, at
a base temperature of T = 1.7 K.

8.3.2

Graphene measurements

Although being an intriguing material concerning the involved physics of Dirac
fermions, the lack of a band gap poses a main obstacle for potential nanoelectronics applications of single-layer graphene. When reducing the size of the graphene
structure, it turns out that the edges of the graphene start to play an important
role. Zigzag edges and armchair edges can lead to different electronic spectra in
graphene nanoribbons with a zero-energy mode in zigzag nanoribbons and a metallic/semiconducting behavior depending on the number of atoms across the width of
the nanoribbon for armchair nanoribbons [187]. Experimentally, graphene nanoribbons are obtained by etching without precise control over the edges, leading to disorder induced localization and Coulomb blockade effects [219–222]. The observed
suppression of the current inside the so-called transport gap has enabled to fabricate
graphene single-electron transistors [223, 224] and quantum dots [225–227] out of
small graphene islands connected to graphene leads by nanoribbons.

Figure 8.7: (a) Back gate trace of the conductance of a graphene nanoribbon on
top of a nanowire in a sample like the one shown in Fig. 8.6. The bias across the
nanoribbon is Vgnr = 0.5 mV. (b) Measurement of the numerical differential conductance as a function of the bias voltage Vgnr and the back gate voltage. Coulomb
diamonds of different sizes can be recognized. The measurements are performed at
a temperature of T = 4.2 K.

Figure 8.7(a) shows a back gate trace of a graphene nanoribbon on top of a
nanowire measured in a sample like the one described in the previous section. The
width of the nanoribbon is ∼ 40 nm, as determined by AFM. The current is suppressed over almost the whole gate voltage region except for occasional resonances.
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Charge detection measurements using a graphene nanoribbon as a detector are usually performed by operating the nanoribbon on a slope of such a resonance [208–210].
A finite bias measurement shown in Fig. 8.7(b) exhibits Coulomb diamonds with
charging energies larger than 7 meV. The charging energy of the largest diamond
in a nanoribbon finite bias measurement can be taken as the characteristic energy
scale Ec of the transport gap [219]. The topmost diamond in Fig. 8.7(b) can be
extrapolated to Ec ≈ 36 meV, which is in agreement with measurements of etched
graphene nanoribbons on conventional Si/SiO2 substrates [212, 219, 220].
On the measured sample, the nanowire could not be pinched off by any of the
gates. This could be due to the annealing process [211, 228, 229], which is performed
before the deposition of the Ohmic contacts of the graphene in order to remove
residues of resist and thereby to increase the transparency of the Ohmic contacts as
well as the mobility3 . Since the nanowire is already equipped with Ohmic contacts
at this stage of fabrication, the annealing can cause diffusion of the metal of the
contacts into the nanowire degrading the semiconducting InAs material. On the
other hand, this effect has been exploited to obtain ultrasmall QDs in p-type Si
nanowires by the controlled diffusion of the Ohmic contact metal into the nanowire
[230, 231].

Figure 8.8: (a) Back gate trace of the conductivity of a graphene side gate. The twoterminal conductivity is measured using lock-in techniques with a constant current
of 10 nA. The black line is a linear fit from which the mobility is determined. (b)
Double-logarithmic representation of the conductance as a function of the carrier
density on the hole side of the data in (a). The arrow points to the saturation
density. The mesurements are performed at a temperature of T = 1.7 K.

The sample shown in Fig. 8.6 contains two graphene side gates which can be
used besides the back gate to tune the nanoribbon onto a desired operation point.
The side gates represent flakes of bulk graphene which can be measured separately
in order to determine the overall properties of the deposited graphene. Figure 8.8(a)
shows a back gate trace of the conductivity between two contacts of such a graphene
3

A quartz-tube furnace is used for annealing with a constant gas flow of 0.8 l/min of Ar and
0.08 l/min of H2 , as described in [229]. The sample is annealed at ϑ = 270 ◦ C for 4 h, after
ramping to ϑ during 2 h.
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side gate. The Dirac point is situated around Vbg = 0 V indicating a low doping.
The mobility extracted from a linear fit on the hole side however, is more than an
order of magnitude lower than what is obtained for a comparable bulk graphene flake
on a BN substrate without the nanowire part of the sample (Fig. 8.2). The mobility
can be increased substantially by annealing, which can however be deleterious for
the nanowire as described above. For the sample measured in Fig. 8.8 the annealing
step has therefore been omitted.
Disorder-induced electron-hole puddles lead to a non-vanishing conductivity at
the Dirac point, as discussed in Sec. 8.1.2. In addition, the finite curvature of the
conductivity trace around the Dirac point allows to extract a saturation density nsat
below which the transport is governed by electron-hole puddles and the gate voltage
does not change significantly the conductivity [194]. This is shown in Fig. 8.8(b)
where the conductance is plotted against the carrier density on the hole side of
Fig. 8.8(a). The saturation density can be determined by the extrapolation of the
flat and the linearly increasing part of the conductance in a double-logarithmic
representation of the plot, yielding nsat ≈ 1.1×1011 cm−2 . The associated fluctuation
√
energy [194] is EFsat = ~vF πnsat ≈ 40 meV, comparable to reported values of
graphene on SiO2 [193].

8.3.3

Nanowire measurements

Similar to the top gated sample in Chap. 7, the bottom gated nanowires can be
tuned freely between the single QD and the DQD regime. The samples turn out
to be remarkably stable upon sweeping the gate voltages and thermal cycling. In
the DQD regime for example, warming up to T = 8 K and cooling down again to
T = 1.7 K does not change the position of the triple points in gate voltage space.
Using the three bottom finger gates, three different configurations can be reached for
the single QD regime. Figure 8.9(a) shows a measurement of the current Inw through
the nanowire as a function of the voltages VfgR/L on the outer two finger gates. The
middle finger gate is at VfgM = 400 mV, such that a large QD between the two
outer finger gates is formed. The ratio of the relative lever arms is αfgL /αfgR ≈ 0.8,
confirming that the QD is centered between the outer gates. Coulomb diamonds
measured in this regime are shown in Fig. 8.9(b). The charging energy is around
∆EC ≈ 1.3 meV. The diameter of the measured nanowire is d = 124 nm at the
position of the middle finger gate, as determined by SEM prior to the deposition
of the BN and the graphene. The charging energy is similar to the single QD in
Chap. 7, in agreement with the comparable dimensions. The relative lever arms of
the bottom finger gates are slightly smaller, but still similar to the lever arms of the
top gates, as reported previously [206].
By decreasing the voltage on the middle finger gate while increasing the voltage
on one of the outer finger gates, single QDs can be induced on the right-hand and
the left-hand side of the middle gate, respectively. Figure 8.9(c) shows a Coulomb
diamond measurement where a single QD on the right-hand side of the middle gate is
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Figure 8.9: (a) Current Inw as a function of the voltages on the two outer finger
gates VfgL/R . The middle gate is at VfgM = 400 mV. The bias across the nanowire
is Vnw = 0.1 mV. (b) Coulomb diamonds measured in the regime of (a). A large
single QD is formed between the outer two finger gates. (c) Coulomb diamonds in
a regime where a single QD is formed between the right and the middle finger gate.
The left finger gate is at VfgL = 450 mV and the middle gate at VfgM = −440 mV.
Lines of negative differential conductance are depicted by white arrows. Excited
states entering the bias window are marked by red arrows. (d) Same for a single
QD formed between the middle and the left finger gate. The right finger gate is at
VfgR = 500 mV and the middle gate at VfgM = −230 mV. Schematic illustrations of
the QD position are given in addition to the Coulomb diamond plots in (b)-(d).

formed in the nanowire. The voltage on the left finger gate is VfgL = 450 mV and the
middle gate is at VfgM = −440 mV. The charging energy has increased compared to
the large QD case and is ∆ECR ≈ 3 meV. Assuming a spherical QD with capacitance
CΣ = 4πǫ0 ǫInAs R (ǫInAs = 15), this gives a QD with radius R ≈ 32 nm. At the edge
of the diamonds, several lines of negative differential conductance (white arrows)
can be recognized, which could originate from a modulated density of states in the
one-dimensional leads due to the short mean free path [75, 128]. Excited states (red
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arrows) entering the transport window at finite bias across the nanowire can be seen
in addition. From the level spacing of ∆E ≈ 1.61 meV, a QD radius of R ≈ 23 nm
is obtained, assuming a harmonic confinement with ∆E = ~2 /(4m∗ R2 ). This value
of the QD radius is in good agreement with the value obtained from the charging
energy. Using a typical electron density of 1 × 1018 cm−3 extracted from pinch-off
conductance traces by means of a field effect transistor model [112], an approximate
electron number of ∼ 50 can be estimated. The corresponding measurement for the
left QD is shown in Fig. 8.9(d), measured with VfgR = 500 mV and VfgM = −230 mV.

Figure 8.10: (a) Current through the nanowire versus VfgL/R in the intermediate
regime at the transition between a large QD and a DQD. The middle finger gate is
at VfgM = 100 mV. The bias across the nanowire is Vnw = 0.1 mV. (b) Decreasing
the middle gate further leads to the formation of a DQD. The triple points with
enhanced current can clearly be recognized. Th middle gate is at VfgM = −150 mV,
the bias across the nanowire is Vnw = 0.1 mV.

Decreasing the voltages on all three finger gates induces a DQD in the nanowire.
Figure 8.10(a) shows a measurement of the nanowire current Inw as a function of
VfgR/L in the intermediate regime. The middle finger gate is at VfgM = 100 mV. The
straight Coulomb resonances of Fig. 8.9(a) have developed into pronounced wiggles
indicating the transition to the stability diagram of a DQD [232]. Decreasing further
the voltage on the middle gate results in the stability diagram of the DQD shown
in Fig. 8.9(b), where triple points with enhanced current can be recognized.
Thus, the present sample exhibits a high tunability allowing to tune the nanowire
from different single QD regimes to the DQD regime using the bottom finger gates.

8.4
8.4.1

Single spins in QDs
Spin-to-charge conversion

Semiconductor QDs represent an exciting platform to investigate single electron
dynamics (Sec. 6.3.2, Sec. 7.5) and their interaction with the environment (Sec. 6.4).
In addition, the confinement of the electrons in the QDs leads to an excited state
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spectrum that can be probed by transport measurements and that is similar to the
spectrum of an atom. In fact, it has been shown that the spectrum of vertical pillarshaped QDs with cylindrical symmetry exhibits shell filling following Hund’s rules
[34, 35], just like real atoms. QDs are therefore not only intriguing objects concerning
the measurement of single charges but are particularly enticing for the investigation
of single spins. While it is difficult to measure a single electron spin directly due to its
small magnetic moment [233, 234], this can drastically be simplified by correlating
the spin states to charge states in a QD. This scheme is termed spin-to-charge
conversion and is at the heart of single-spin transport measurements in QDs and
DQDs [78]. In particular, the scheme has enabled to perform single-shot readout of
a single spin using energy-selective readout [145] or of spin states using tunnel-rateselective readout [146]. The two schemes are illustrated in Fig. 8.11.

Figure 8.11: Energy level diagrams for the two different spin readout schemes as
realized in [145] and [146]. The QDs are tuned to a very asymmetric coupling regime
such that only tunneling between the QD and one lead has to be considered. (a)
Level diagram for the energy-selective readout. Spin-up and spin-down states are
separated in energy by the application of a magnetic field. Due to the relative
alignment of the electrochemical potentials of the spin states to the Fermi level in
the lead, the electron tunnels out of or remains in the QD depending on its spin
orientation. (b) Same for tunnel-rate-selective readout. The spin states can be
distinguished due to the different tunneling rates of the triplet and the singlet states
(represented by the sizes of the arrows).
Energy-selective readout of a single spin is achieved by exploiting the Zeeman
splitting of a spin pair. A spin-degenerate level of the QD is separated in energy by
the application of a magnetic field. Using appropriate voltage pulses on a gate of
the QD, the spin state can be initialized by pulling the levels below the Fermi level
of the lead. After initialization, pushing the level up such that the Fermi level of
the lead is situated between the two levels of the spin states allows to perform the
readout by a nearby QPC serving as a charge detector (Fig. 8.11(a)). Depending on
the spin orientation of the initialized state, an electron will tunnel out of or remain
in the QD. If the tunneling occurs on a timescale below the bandwidth of the charge
detector, this process can be detected in real-time. Furthermore, by changing the
waiting time after the initialization this allows to determine the spin relaxation time
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from the fraction of the measured spin-down electrons at the readout step. This way,
a relaxation time of ≈ 0.85 ms, limited by SO-interaction, was measured for a split
gate defined QD in a GaAs/AlGaAs heterostructure 2DEG at an in-plane magnetic
field of 8 T [145].
The tunnel-rate-selective readout was realized for two-electron spin states in a
QD and is illustrated in Fig. 8.11(b) [146]. The method relies on the fact that the
singlet and the triplet spin states of the QD occupy different orbital states where
the wave function of the excited triplet state has a larger lateral extent than the
singlet ground state. This gives a stronger coupling of the triplet state to the leads
compared to the singlet state. Thus, by applying a similar pulse scheme as for the
energy-selective readout, a nearby charge detector allows to determine whether the
initialized state was a singlet or a triplet state [146].

8.4.2

Pauli spin blockade
E

T+(0,2) T0(0,2) T-(0,2)
S(0,2)

~2tc

J
S(1,1)

T-(1,1)

g*mBB

T0(1,1)
T+(1,1)

0
DEST

d

Figure 8.12: Schematic representation of the energy of the two-electron spin states
in a DQD. The singlet branches are shown in blue, the triplets in red. δ is the
detuning between the energy levels of the two QDs. A finite tunnel coupling tc and
a finite magnetic field splitting the triplets by the Zeeman energy are taken into
account. The tunnel coupling hybridizes (1, 1) and (0, 2) states, leading to avoided
crossings. J is the effective exchange coupling and depends on the tunnel coupling
tc and the single QD charging energy ∆EC . Figure adapted from [57].

The full potential of QDs to investigate single spin transport is revealed further
when considering a DQD system. Especially interesting for DQDs are the twoelectron spin states, where the electrons can either be both on the same QD (charge
configuration of e.g. (0, 2)) or spatially separated with one electron on each QD
(charge configuration (1, 1)). The four two-electron spin states for the (1, 1) charge
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configuration are for example
1
S(1, 1) = √ (| ↑1 ↓2 i − | ↓1 ↑2 i)
2
T+ (1, 1) = | ↑1 ↑2 i
1
T0 (1, 1) = √ (| ↑1 ↓2 i + | ↓1 ↑2 i)
2
T− (1, 1) = | ↓1 ↓2 i,

(8.8)

besides the four states S(0, 2), T0 (0, 2), T± (0, 2) for the (0, 2) configuration. A
schematic representation of the energies of the two-electron spin states is shown
in Fig. 8.12. The blue traces depict the singlet branches, whereas the red traces
represent the triplets. A finite magnetic field which splits the triplets by the Zeeman
energy, is taken into account. The singlet S(0, 2) and the triplet T (0, 2) states are
separated by ∆EST given by the orbital level spacing between ground and first
excited state of the QD. A finite tunnel coupling tc between the QDs hybridizes
the (1, 1) and (0, 2) states leading to avoided crossings of the singlet branches at
δ = 0 (δ the detuning between the energy levels of the two QDs) and of the triplet
branches at δ = ∆EST . The extent of the avoided crossing is ∼ 2tc . Since the
spin is conserved while tunneling, the triplets do not anticross with the singlets.
Spin mixing mechanisms such as hyperfine interaction or SO-interaction however,
can yield additional avoided crossings at the crossing points of singlet and triplet
branches. The separation between S(1, 1) and T0 (1, 1) is given by J = 4t2c /∆EC [78],
with ∆EC the single QD charging energy. The parameter J represents an effective
exchange coupling in the Heisenberg Hamiltonian of the two-spin system and plays
an important role for two-qubit operations [235].
The conservation of the spin while tunneling leads to the effect of Pauli spin
blockade, which is an impressive example of the impact of the Pauli exclusion principle on the transport through a DQD [236]. In the regime of Pauli spin blockade,
a single spin can block the DC current through the DQD. This is illustrated in
Fig. 8.13 showing the relevant region in the DQD stability diagram where the spin
blockade can occur. The presence of Pauli spin blockade can be recognized by several features in transport, where the bias dependent rectification of the DC current
is the most prominent and simply measurable property. Considering for example
the triple point where the charge states (0, 1), (1, 1) and (0, 2) are degenerate, the
tunneling sequence for negative bias across the DQD (µS > µD , µS/D the Fermi levels
of the leads) reads
(0, 1) → (1, 1) → (0, 2) → (0, 1),
(8.9)
keeping at least one electron in the right QD during the sequence. At B = 0, the
two-electron spin states S(1, 1) and T (1, 1) are nearly degenerate for weak tunnel
coupling tc . The states S(0, 2) and T (0, 2) however, are separated by an energy
∆EST of typically 0.4 − 1 meV for split gate defined QDs in GaAs/AlGaAs heterostructure 2DEGs [78]. An electron tunneling into the left QD can form either a
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Figure 8.13: (a) Schematic representation of the DQD stability diagram in a region
where Pauli spin blockade can occur. The current is suppressed at the white regions
inside the finite bias triangles due to spin blockade. At the tips of the triangles, the
spin blockade is lifted due to the detuning δ exceeding the singlet-triplet splitting
∆EST and a finite current can be measured (light blue). The corresponding level
scheme is shown on the top left corner. (b) Stability diagram for reversed bias across
the DQD. The electrons can always tunnel through the singlet state of the right QD.
The level scheme is depicted on the lower right corner.
S(1, 1) or a T (1, 1) state with the electron in the right QD. If the electron forms a
S(1, 1) state, it can tunnel further through the right QD by the singlet ground state
S(0, 2). However, if the electron in the left QD forms a T (1, 1) state with the right
electron, tunneling is blocked as long as δ < ∆EST . This is illustrated in the finite
bias triangles of Fig. 8.13(a) where the current through the DQD is blocked in the
base region of the triangles. The spin blockade is lifted at the tip of the triangles
(light blue), where the detuning δ exceeds the singlet-triplet splitting ∆EST . For
reversed bias (µS < µD ), the electrons are always allowed to tunnel through the
DQD by the singlet ground state S(0, 2), as shown in Fig. 8.13(b).
The spin blockade can be lifted due to different mechanisms that couple the
singlet and the triplet states, leading to a leakage current at the spin blockaded base
region of the finite bias triangles. The two main mechanisms lifting spin blockade
are the SO-interaction and the hyperfine interaction, which will be discussed in the
experimental sections. Furthermore, cotunneling can lead to a background current
independent of the involved spin states.
Pauli spin blockade is usually observed for few-electron DQDs where the QDs
can be emptied down to the last electron. Accordingly, the treatment up to here has
considered spin states assuming the DQD to contain only two electrons. However, if
the electrons filling up the QDs tend to arrange in spin pairs, spin blockade can also
be observed for higher electron numbers (N1 , N2 ) in the DQD. Closed shells with
zero total spin can then be neglected and the above considerations can be applied
to the excess electrons. This is particularly interesting for InAs nanowires since

126

8.4. Single spins in QDs

Figure 8.14: Schematic representation
of the stability diagram showing the
odd/even behavior of the appearance of
Pauli spin blockade at higher electron
numbers. Spin blockade only occurs for
even total electron numbers for transitions from a charge configuration with
an odd number in each QD to a configuration with an even number in each
QD. Figure reprinted from [237]. Copyright (2005) by The American Physical
Society.

the small effective mass of InAs leads to a small exchange interaction compared to
the kinetic energy. It is therefore reasonable to assume that the formation of spin
pairs is favoured compared to material systems with larger effective mass of the
electron. In fact, spin blockade has been observed in InAs nanowire DQDs also for
higher electron numbers in the few-electron regime [238, 239]. The measurements of
spin blockade presented in this chapter are performed in the many-electron regime
and substantiate these findings. Even for DQDs in GaAs/AlGaAs heterostructure
2DEGs, where the effective mass (m∗GaAs = 0.067me ) is larger than for InAs, spin
blockade at higher electron numbers in the few-electron regime have been reported
[237]. Assuming spin pairing in filling up non-degenerate orbital levels of the QDs,
the appearance of spin blockade shows an odd/even behavior with alternating spinblocked and non-blocked transitions, as shown in Fig. 8.14. It can be seen that spin
blockade only occurs for transitions involving charge configurations with an even
total electron number. There, the transition from a charge configuration with an
odd electron number in each QD to a configuration with an even number in each
QD is blocked due to the formation of a triplet state of the unpaired electrons.

8.4.3

Spin qubits

Being a native two-level system in an external magnetic field, single spins in semiconductor QDs represent prominent candidates for qubits in solid-state quantum
information processing [10]. The fact that existing elaborate nanofabrication techniques in principle would allow for scalability has triggered vast research efforts to
realize spin qubits which comply with the DiVincenzo criteria for the implementation of quantum computation [240]. Essential experiments have been achieved in
split gate defined QDs in GaAs/AlGaAs heterostructure 2DEGs, where the effect of
Pauli spin blockade in DQDs is exploited for initialization, manipulation and readout
[78]. Coherent rotation of single spins using electron spin resonance [241] has been
demonstrated [242] as well as the coherent exchange of two spins utilizing the fact
that the effective exchange energy J can be controlled precisely by its dependence on
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the detuning δ (Fig. 8.12) [235]. In contrast to single QDs, it was found that hyperfine interaction is the dominant mechanism limiting relaxation and dephasing of the
two-electron spin states in DQDs [243, 244]. Incorporating a charge detector allows
to apply more complex pulse schemes in the parameter space of the stability diagram and has enabled to use the hyperfine interaction to pump the nuclear spins by
dynamic nuclear spin polarization [245, 246]. Since it is much easier to generate fast
oscillating electric fields than magnetic fields, electrical manipulation of single spins
using the SO-interaction has been proposed [22, 23] and realized in GaAs/AlGaAs
heterostructure DQDs using electric dipole induced spin resonance [247]. This has
motivated the search for material systems with strong SO-interaction such as InAs
or InSb nanowires [248, 249], where a so-called SO-qubit has been realized recently
[24, 250]. On the other hand, expected long coherence times make it interesting to
consider spin qubits in systems with negligible nuclear spin and weak SO-interaction
such as carbon nanotubes [251, 252], graphene [253] or Si-based systems [254–256].

8.5
8.5.1

Spin blockade in InAs nanowire DQDs
Rectification and odd/even behavior

By applying a bias across the DQD in the regime shown in Fig. 8.10(b), the triple
points evolve into finite bias triangles allowing to perform finite bias spectroscopy
of excited states in the DQD [36]. Figure 8.15(a) and (b) show such a measurement
where a bias voltage of Vnw = ±1.5 mV is applied across the DQD. Pairs of finite
bias triangles can clearly be recognized in both bias directions. Whereas most of the
triangles comprise a fairly homogeneous inelastic current, some of the triangles show
additional features which usually originate from transport through excited states. In
particular, the triangles marked by α, β, γ exhibit a striking bias-dependent suppression of the current in the base region of the triangles. Furthermore, the triangles with
suppressed current are arranged in an odd/even pattern as described in Fig. 8.14.
This is remarkable as all reported measurements on Pauli spin blockade to date are
performed at sub-Kelvin temperatures and spin blockade is not expected to occur at
such elevated temperatures of the presented measurements. Moreover, even if spin
blockade has been observed for higher electron numbers, the QDs have always been
in the few-electron regime containing less than 10 electrons [237–239]. In contrast,
the electron number of the presented QDs is ∼ 50, as estimated in Sec. 8.3.3. By
interpreting the features within the picture of Pauli spin blockade the occupation of
the DQD can be labeled by the number of excess electrons relevant for the transport,
as shown by the numbers in brackets in Fig. 8.15(a). The spinless core of electrons
can then be neglected and the transport can be understood concerning the states
illustrated in Fig. 8.12.
Figure 8.15(c) and (d) show close-ups to the triangles denoted by α. The current
is suppressed around the base region of the triangles for Vnw = 1.5 mV, whereas no
specific pattern can be recognized at Vnw = −1.5 mV. The suppression of the current
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Figure 8.15: (a) Current Inw through the DQD versus VfgL/R at a bias Vnw =
1.5 mV across the DQD, showing finite bias triangles. The middle gate is at VfgM =
−150 mV. The numbers in brackets refer to the number of excess electrons on top
of a spinless core. (b) Same for reversed bias Vnw = −1.5 mV. The triangles marked
by α, β, γ in (a) and (b) exhibit a pronounced bias dependent current suppression at
the base region of the triangles. (c) Close-up to the triangles α. The suppression of
the current is lifted at the boundary lines of the triangles where one of the unpaired
spin of the (1, 1)-triplet state can be exchanged with the leads. As the detuning
(white arrow) is increased, the (0, 2)-triplet state enters the transport window which
lifts the spin blockade (red arrow). (d) Same triangles for reversed bias. The current
is homogeneous inside the triangles.
is lifted at the edges and in the tip region of the triangles. Using the picture of Pauli
spin blockade, enhanced current at the edges of the triangles is due to the exchange
of one of the unpaired spins with a spin of one of the leads replacing the (1, 1)-triplet
with a (1, 1)-singlet state, which lifts the spin blockade [237]. The current at the tip
of the triangles is attributed to the (0, 2)-triplet state entering the bias window of
transport as the detuning δ is increased beyond the singlet-triplet splitting ∆EST
(Fig. 8.12). The singlet-triplet splitting for the triangles α is ∆EST = 1.4 meV,
which is comparable to reported values for top gated InAs nanowire QDs with similar
dimensions [238].
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8.5.2

Magnetic field dependence

The leakage current in the Pauli spin blockade regime exhibits a unique dependence on small magnetic fields on the order of a few tens of mT, which allows to
substantiate its occurrence. In particular, systems with both hyperfine and strong
SO-interaction show two opposite behaviors of the leakage current depending on the
dominant spin relaxation mechanism [239, 251, 257]. In this respect, InAs is an
interesting material since it offers a system where the interplay of the hyperfine and
the SO-interaction can be studied. It has been shown that the two regimes where
one of the two relaxation mechanisms is dominant can be separated by changing
the interdot tunnel coupling tc [239, 257]. The dependence on the tunnel coupling
can be understood considering the energy diagrams shown in Fig. 8.16(a) and (b)
for zero and finite external magnetic field. The diagrams are in fact close-ups of
Fig. 8.12 around zero detuning.
The case for weak tunnel coupling is shown in Fig. 8.16(a), which is the case
where spin relaxation by hyperfine interaction is dominant. In a QD, this coupling
originates from the finite overlap of the electronic wave function with the nuclear
spins of the host material [258]. The interaction is given by the Hamiltonian
HHF =

g ∗ µB ~ ~
S · BN ,
~

(8.10)

~ the electron spins, and B
~N
with g ∗ the effective g-factor, µB the Bohr magneton, S
the nuclear field. The Hamiltonian of Eq.(8.10) is already written in the quasistatic
approximation which accounts for the slow dynamics of the nuclear spins compared
~N
to the time scales of the evolution of the electron spins [259]. The nuclear field B
is defined within this approximation as
~N = −
B

N
X

Ak I~k ,

(8.11)

k

with Ak the Fermi contact hyperfine coupling constant and I~k the nuclear spins. The
ensemble of N nuclear spins is thus considered to be in a quasistatic configuration
~ N , known as the Overhauser field
giving rise to an effective nuclear magnetic field B
[258, 259]. GaAs and InAs QDs contain typically N = 105 − 106 nuclear spins
which would give rise to a nuclear field on the order of a few T if the spins were
fully polarized. The random orientation
of the nuclear spins however, reduces the
√
nuclear field by a factor of ∼ 1/ N , such that typical fields of a few mT are found
experimentally [238, 243, 244, 259]. In a DQD, the difference of the nuclear fields
~ N in the two QDs gives rise to spin relaxation and dephasing of the two-electron
∆B
spin states. The triplets T± (1, 1) are coupled to the singlet state by the transverse
components of the difference of the nuclear fields leading to spin relaxation. The
~ N couples the triplet T0 (1, 1) to the singlet S(1, 1), which leads
z-component of ∆B
to dephasing. The effect of the nuclear field is illustrated in Fig. 8.16(a) where
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the states inside the energy window ∆EN = g ∗ µB ∆BN are mixed (orange stripe)
yielding a finite leakage current in the spin blockade regime. By applying an external
magnetic field, the triplets T± are split beyond ∆EN suppressing the mixing between
the T± (1, 1) triplets and the S(1, 1) singlets. Thus, for weak interdot coupling tc
a peak of the leakage current around zero magnetic field is found [239, 244, 257],
which is the signature for hyperfine interaction being the dominant spin relaxation
mechanism [260].
The situation changes drastically for strong tunnel coupling tc , as shown in
Fig. 8.16(b). At zero external magnetic field, the singlet branches are pushed far
away from the triplet states due to the large avoided crossing determined by tc .
Around zero detuning, the hyperfine interaction does therefore not anymore lead
to mixing between the T (1, 1) triplets and the S(1, 1) singlets. In the presence of
strong SO-interaction, the spin-up and spin-down doublets are not anymore pure
spin states, but admixtures of spin and orbital parts of the wave functions. However,
this still yields states which are Kramers doublets and their index can be regarded
as an effective spin. Likewise, this results in four new two-electron spin eigenstates
which are superpositions of the pure triplet and singlet spin states. The coupling of
the triplets and the singlets leads to additional avoided crossings at finite magnetic
field, as shown in Fig. 8.16(b) (purple part of the branches). The mixing between the
T± (1, 1) triplets and the singlet branches mediated by the SO-interaction (denoted
by tSO ) lifts the spin blockade at finite magnetic fields which increases the leakage
current. In this regime, a dip in the leakage current around zero magnetic field is
observed [239, 257]. An interesting example is the observation of such a dip in the
spin blockade regime in pure 12 C-carbon nanotube DQDs where the relaxation by
hyperfine interaction is believed to be absent due to the nuclear spin-free 12 C isotope
[251].
A schematic state diagram in this regime is shown in Fig. 8.16(c). The S(1, 1) and
T (1, 1) states are coupled by an isotropic spin relaxation rate Γrel which comprises
different relaxation mechanisms such as relaxation of single spins by SO-coupling
[261, 262], phonon-mediated non-resonant electron-nuclear spin flip-flop processes
[263], or relaxation by effective spin-spin coupling due to the Coulomb interaction4
[22, 264]. Cotunneling (grey arrow) gives an additional escape channel for all (1, 1)
states leading to an enhanced overall background current. The S(1, 1) singlet is
coupled to the S(0, 2) singlet by the interdot tunnel coupling tc , whereas the transition from the T (1, 1) triplets to S(0, 2) is modeled by a non spin-conserving tunnel
coupling tSO [265]. The S(0, 2) state is broadened by the coupling Γout to the drain
lead, which initializes again the sequence (8.9).
The energy scale ∆EN of the nuclear field is in the range of a few µeV, or
lower [238, 239]. The spin blockade observed in this chapter can therefore not be in
the regime of Fig. 8.16(a) since kB T ≫ ∆EN and all (1, 1) states would be within
4

This coupling has to be distinguished from the Heisenberg exchange interaction which requires
tunneling between the QDs. Here, the effective spin-spin coupling is given by an interplay of
Coulomb and SO-interaction.
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Figure 8.16: (a) Schematic energy diagram for weak interdot tunnel coupling tc .
The energy window ∆EN given by the Overhauser field is depicted by the orange
stripe. Applying a finite magnetic field leads to a splitting of the triplets by the
Zeeman energy. (b) Situation for strong interdot tunnel coupling tc . The avoided
crossing due to tc pushes the singlet branches far away from the triplet states around
zero detuning. The SO-coupling tSO mixes the T± (1, 1) triplet and singlet states at
finite magnetic field. (c) State diagram in the spin blockade regime. The (1, 1)
states are coupled by an isotropic relaxation rate Γrel . Cotunneling (grey arrow)
leads to an enhanced overall background current. The coupling to the S(0, 2) state
is given by the interdot tunnel coupling tc and the SO-coupling modeled by tSO .
The S(0, 2) singlet is coupled to the drain lead by Γout . The relaxation due to
hyperfine interaction is omitted. (d) Current Inw through the DQD around a pair
of triple points. The bias across the DQD is Vnw = 30 µV. The tunnel coupling tc is
estimated from the rounding of the cotunneling lines at the triple points. The white
dashed lines are the energies of the molecular bonding and antibonding states with
tc ≈ 280 µeV.

the energy window given by the temperature. For strong interdot tunnel coupling
however, the singlet branches can be pushed away sufficiently from the triplets such
that spin blockade can occur despite the thermal broadening. Fig. 8.16(d) shows a
measurement of the DQD current around a pair of triple points at low bias across the
DQD. It can be seen that the boundaries of the hexagons are significantly rounded
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at the triple points. The temperature broadening however, complicates an accurate
evaluation of tc . Nevertheless, an estimation from the rounding yields tc ≈ 280 µeV.
This value is inserted into the expression of the energies of bonding and antibonding
molecular states and overlaid to the plot (dashed curves), supporting a reasonable
estimation of tc . Thus, the spin blockade is taking place in the regime of strong
interdot tunnel coupling and the transitions can be interpreted in the picture of
Fig. 8.16(b).
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Figure 8.17: (a) Current through the DQD as a function of the magnetic field and
the detuning line depicted in Fig. 8.15(c) at the triangles α. The current exhibits a
dip around zero magnetic field. The triplet state enters at δ = 1.4 meV. (b) Same
for reversed bias across the DQD. No magnetic field dependence is observed. (c)
Cuts for different magnetic fields accentuating the increase of the leakage current at
the base region. (d) Cut along the dashed line in (a). The data is fitted with the
Lorentzian shape expression given by Eq.(8.13).

Figure 8.17(a) shows a measurement of the leakage current as a function of
the magnetic field and the detuning at the triangles α shown in Fig. 8.15(c). The
magnetic field is applied perpendicular to the axis of the nanowire and the substrate.
A pronounced dip around zero magnetic field can clearly be seen, which extends far
into the region for positive detuning. The triplet state at δ = 1.4 meV however,
is unaffected by the magnetic field. This is emphasized in Fig. 8.17(c) where cuts
at different magnetic fields are plotted. The same measurement in Fig. 8.17(b) for
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reversed bias across the DQD shows no dependence of the current on the magnetic
field, as expected. The measurement thus justifies the interpretation within the
picture of spin blockade in the regime of strong interdot tunnel coupling shown in
Fig. 8.16(b), where the spin relaxation is mediated by the SO-interaction.
As introduced above, the SO-coupling is modeled by a non spin-conserving tunnel
coupling tSO with the Hamiltonian [265]
Ht = i~tSO |T~ ihS(0, 2)| + tc |S(1, 1)ihS(0, 2)| + h.c.,

(8.12)

with the (1, 1) triplets |T~ i = (|Tx i, |Ty i, |Tz i) (where |Tx,y i ∝ (|T− i ∓ |T+ i), |Tz i =
|T0 i), tSO = (tSO,x , tSO,y , tSO,z ), and h.c. the Hermitian conjugate. Thus, the (1, 1)
triplets are coupled to the (0, 2) singlet by the effective tunnel coupling ~tSO just as
S(1, 1) is coupled to S(0, 2) by the interdot tunnel coupling tc . The SO-term in
Eq.(8.12) has an interesting implication: The effect of the SO-interaction can be
~ SO which is identified with ~tSO . Thus if
modeled by an effective magnetic field B
~ SO , the transverse components
the external magnetic field is applied parallel to B
of ~tSO vanish and the triplets |T± i are decoupled from the singlet |S(0, 2)i. This
angle-dependent suppression of the lifting of the spin blockade has recently been
demonstrated in InSb nanowire DQDs [250].
Within this framework, the current in the spin blockade regime is found to be
[265]


8
Bc2
I = Imax 1 −
,
(8.13)
9ξ (g ∗ µB B)2 + Bc2
p
√
with Bc = 2 2(t2c + |~tSO |2 )(t2SO,x + t2SO,y )−1/2 Γrel /Γout . Since the specific direction of ~tSO √
is in general not known, the SO-coupling is henceforth set to ~tSO =
tSO (1, 1, 1)/ 3. At finite magnetic field, there is one blocked triplet state out of the
four (1, 1) states remaining, which determines the magnitude of the leakage current.
Thus, the maximal current at finite magnetic field is linked to the relaxation rate
Γrel through Imax = 4eΓrel . The effective g-factor strongly depends on the size of
the QDs in InAs nanowires [266], but for QDs with comparable dimensions like the
presented sample |g ∗ | ≈ 7 − 8 [75, 238, 239]. In addition to the expression in [265],
we have introduced an empirical parameter ξ to account for the high temperature
of the measurement which reduces the current suppression due to spin blockade at
B = 0 T.
Figure 8.17(d) shows a cut along the dashed line in Fig. 8.17(a) together with a
fit according to Eq.(8.13). The effective g-factor is set to |g ∗ | = 7. It can be seen
that the data can be fitted accurately by the Lorentzian shape given in Eq.(8.13).
The fit parameters are tSO , Γout , and ξ. This gives for the coupling to the drain
Γout ≈ 1.5 GHz and ξ = 1.28. The SO-coupling is obtained as tSO = 36 µeV.
This allows to determine the SO-length through lSO ≈ (t0 /tSO )lQD ≈ 380 nm, with
lQD ≈ 48 nm the size of the QD estimated from the singlet-triplet level spacing
∆EST . The value of the SO-length lSO is slightly larger than, but in agreement
with what has been found for InAs nanowire QDs of similar dimensions [75, 239].
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Furthermore, the extracted SO-length is of the same order of magnitude as the
SO-lengths determined from WAL measurements in Chap. 5.
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Figure 8.18: (a) DQD current for the triangles β as a function of the magnetic field
and the detuning. The dip at zero magnetic field is only faintly visible due to the
large background current. (b) Cut around zero detuning showing the dip at zero
magnetic field. (c) Same measurement for the triangles γ. The leakage current at
the base region almost reaches the value of the triplet state. (d) Cuts from (c) for
different magnetic fields.

A similar behavior is observed for the triangles β and γ of Fig. 8.15(a) and (b),
where spin blockade is expected to occur. Figure 8.18(a) shows the same measurement as Fig. 8.17(a) for the triangles β. The background current is considerably
larger than for the triangles α, which almost completely masks the dip around zero
magnetic field. Nevertheless, a cut around zero detuning shows that a dip is present
(Fig. 8.18(b)). The measurement for the triangles γ is shown in Fig. 8.18(c). The
dip at zero magnetic field is clearly visible and remarkably, the leakage current at
the base region almost reaches the current value of the triplet state. The strong
increase of the leakage current with magnetic field is accentuated by plotting the
cuts for the different magnetic fields versus the detuning, as shown in Fig. 8.18(d).
For reversed bias across the DQD, both the triangles β and γ exhibit no magnetic
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field dependence of the current for the same range of magnetic fields. Consistent
with the above considerations, a reversal of the magnetic field dependence indicating dominant hyperfine interaction could not be achieved by decreasing the voltage
on the middle finger gate. Instead, spin blockade is not observed for very negative
values of VfgM although finite bias triangles and clear excited states are resolved for
all examined gate voltage regions. Finally, the triangles in the vicinity of α, β, γ, for
which no spin blockade is expected, do not show a magnetic field dependence in the
small ranges relevant for spin blockade.

8.5.3

Temperature dependence

Figure 8.19: (a) Measurements of the DQD current as a function of the magnetic
field and the detuning for the triangles γ in the spin blockade regime. The temperature is varied from 1.71 K to 4.1 K.

As discussed in the previous section, the observation of Pauli spin blockade
at the presented elevated temperatures is attributed to the strong interdot tunnel
coupling, which pushes the singlet branches sufficiently far away from the (1, 1)
triplets. The base temperature of 1.7 K of the cryostat corresponds to a thermal
energy of kB T = 146 µeV, which has to be compared to the interdot tunnel coupling
tc ≈ 280 µeV. Figure 8.19 shows temperature dependent measurements of the DQD
current as a function of the magnetic field and the detuning for the triangles γ in the
spin blockade regime. The same measurement is repeatedly performed while varying
the temperature from 1.7 K to 4.1 K. The position of the triangles in gate voltage
is not changed during all the measurements, demonstrating the high stability of the
sample. It can be seen that the dip in the leakage current around zero magnetic field
is remarkably robust and sustains up to T ∼ 3.4 K. This temperature corresponds
to an energy of kB T = 293 µeV, which is comparable to the interdot tunnel coupling
tc .
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Conclusion and outlook

We have presented a new sample design of bottom gated InAs nanowire DQDs
with a graphene nanoribbon conceived as a charge detector on top of the QDs.
The mechanical transfer process exhibits a sufficient alignment accuracy such that
a graphene nanoribbon can be processed exactly on top of the nanowire by additional electron beam lithography steps. The nanoribbon on top of the nanowire is
shown to behave like conventional graphene nanoribbons fabricated on Si/SiO2 or
BN substrates. Transport measurements of the graphene side gates show a Dirac
point around zero back gate voltage and allow to extract the mobility as well as the
disorder density of the bulk graphene flake. The InAs nanowire is shown to be both
highly tunable and stable, such that the sample can be tuned freely between the
single QD and the DQD regime. In the DQD regime, Pauli spin blockade is observed
although the DQD is in the many-electron regime. Moreover, the suppression of the
DC current due to spin blockade is surprisingly robust and sustains up to elevated
temperatures of T ∼ 3.4 K. Detailed measurements of the stability diagram and
the magnetic field dependence show that the DQD is in the strong interdot tunnel coupling regime, where SO-interaction is the dominant mixing mechanism. The
striking observation that Pauli spin blockade can occur both in the many-electron
regime and at the measured elevated temperatures can be explained by the unique
properties of InAs and the particular regime of coupling parameters.
Despite the separate functionality of the constituents of the graphene/InAs
nanowire hybrid structure, it was not possible to obtain a functional graphene
nanoribbon on a nanowire sample with sufficient tunability. This is due to the
involved fabrication process which frequently gives non-working Ohmic contacts of
the graphene structures. Common methods to increase the yield of graphene Ohmic
contacts, such as annealing, can not be applied due to its influence on the underlying
nanowire structure. Thus, a refined process scheme for the graphene part of the sample represents the subsequent step of improvement. A charge detector incorporated
into the nanowire DQD sample would open up a wealth of possible measurements.
For example, the reported experiments of the SO-qubits are performed by measuring only the direct current through the nanowire. Using a charge detector increases
drastically the flexibility of applicable pulse schemes and would allow to investigate
more closely the interplay between SO-interaction and hyperfine interaction in the
spin blockade regime. Furthermore, since the graphene charge detector is separated
from the nanowire QDs only by a thin BN flake and the native oxide of the InAs
nanowire, the detector sensitivity is expected to be even larger than for the samples presented in Chap. 6 and Chap. 7. The presented sample design would thus
be promising to investigate the effects of back-action and to provide a platform for
radio-frequency charge sensing.
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Chapter 9
Conclusion and outlook
We have presented detailed investigations on electronic transport in InAs nanowires
and QDs formed in the nanowires. Quantum corrections to the Drude conductivity
due to interference effects such as UCF and WAL have been measured and related to
the strong SO-interaction of InAs. We have described several procedures to obtain
highly tunable QDs in the nanowires where a charge detector is incorporated into
the sample. The approach with the vertical alignment of the charge detector in a
GaAs/AlGaAs heterostructure 2DEG turned out to give a strong coupling between
the detector and the QDs. This enabled to perform time-resolved charge detection
and to probe the excitation spectrum of an etched DQD by counting single electrons
tunneling through the excited states. The inelastic transport through an etched
DQD showed distinct periodic modulations, which we attributed to an interference
effect due to coherent electron-phonon coupling. The framework in analogy to the
Dicke effect for trapped ions has been introduced and related to the measurements.
Further time-resolved measurements have been performed on a top gate defined QD
with a vertically aligned charge detector. The measurement of the counting statistics
agreed with the two-state model of D.A. Bagrets and Yu.V. Nazarov although the
QD was presumably in the multi-level transport regime. A hybrid approach using
a bottom finger gated nanowire DQD and a graphene nanoribbon conceived as a
charge detector on top of the nanowire QDs has been presented. The bottom gated
nanowire DQD exhibited Pauli spin blockade up to a temperature of T ∼ 3.4 K
and although the QDs were in the many-electron regime. The main spin relaxation
mechanism has been attributed to the SO-interaction, in agreement with the magnetic field dependence of the spin blockade leakage current.
The measurements presented in this thesis demonstrate that a sensitive charge detector can be obtained for InAs nanowires together with highly tunable QDs. Further
improvements in sample design are required to reach the few-electron regime. However, it has been shown that due to the intrinsic material properties of InAs, spin
blockade can be observed also in the many-electron regime. The strong coupling
suggests to perform radio-frequency charge detection and to investigate back-action
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effects in more detail. The bottom gated hybrid structure seems to be promising
for further investigations due to its stability and tunability. Although the separate
functionality of the graphene nanoribbon and the nanowire QDs have been demonstrated, the two parts could not be used simultaneously. The charge detection signal
between the nanoribbon and the nanowire QDs is expected to be strong due to the
small distance between the two systems and the steep conductance characteristics of
typical resonances of a graphene nanoribbon. This would therefore allow to perform
exciting pulsing experiments in the spin blockade regime, going beyond of what can
be measured by the direct current through the nanowire.
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Appendices
A

Combined split/top gate samples

The top gate defined QD samples in Chap. 6 and Chap. 7 are based on a twostep etching/gate deposition process. The wet etching defines the charge detectors
whereas the top gates are intended to tune the nanowire QDs. In contrast, a singlestep approach using only metallic gates is shown by the sample in Fig. A.1(a).
(a)

(b)

Figure A.1: (a) Tilted SEM image of a combined split/top gate sample defining a
DQD in the nanowire and a QPC exactly below the nanowire. (b) Reversed view
on the sample showing the disconnected top gates.
The substrate is a GaAs/AlGaAs heterostructure with a 2DEG 37 nm below the
surface. Three top gates are evaporated directly onto the nanowire and induce QDs
in the nanowire like the sample of Chap. 7. At the same time, the top gates can be
used as split gates to define a QPC exactly below the nanowire by decreasing the
voltages beyond the depletion voltage of ≈ −250 mV of the 2DEG (white arrow).
In order to enable independent tunability, a separate set of gates for the QPC and
the QDs is required. This is achieved by angle evaporation, which results in top
gates connected only from one side of the nanowire. Figure A.1(b) shows a tilted
SEM image of the same sample, but rotated by ∼ 180◦ . It can be seen that the
three top gates are disconnected at the edge of the nanowire yielding therefore a set
of independent split and top gates for the QPC and the nanowire.
Figure A.2(a) shows a measurement of the nanowire current Inw in a regime where
a DQD is formed. The masurement is performed in a 3 He/4 He dilution refrigerator
at a base temperature of T = 30 mK. The characteristic honeycomb diagram can
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Figure A.2: (a) DQD stability diagram measured by the current Inw through the
nanowire at a temperature of T = 30 mK. The bias across the DQD is Vnw =
1 mV. (b) Conductance of the QPC formed below the nanowire by applying negative
voltages to one pair of split gates. The other gates are grounded. The measurement
is performed in a VTI at a temperature of T = 1.5 K.

clearly be recognized, although the measurement is hampered by instabilities due
to charge rearrangements. In addition, it can be seen that the voltages on the top
gates are at positive values. This is due to the fact that the top gates deplete the
nanowires even at zero applied gate voltage, such that barriers in the nanowire are
induced just by the deposition of the top gates. This behavior is common to samples
with directly evaporated top gates using only the native oxide as a gate insulator
and was observed previously [57, 63].
Using the same top gates as split gates, a QPC can be induced below the
nanowire. This is shown in Fig. A.2(b), where a QPC is formed by applying a
negative voltage to one pair of split gates. Conductance quantization with three
plateaux at integer values of 2e2 /h is observed, supporting the fact that a QPC can
indeed be formed in the channel below the nanowire. However, the pinch-off voltage
of the QPC differs significantly from the range of voltages for the DQD shown in
Fig. A.2(a). This discrepancy impedes the operation of the QPC as a charge detector in a regime where the DQD is still sufficiently coupled to the leads. This could
be solved by nanowires with larger conductivity for small diameters and by a gate
recipe which does not lead to depletion of the nanowire.
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B

Top gate defined QDs with BN gate insulator
(a)

(b)
3

4

2
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B
A

Figure B.3: (a) Optical microscope image of a top gated nanowire QD using BN
as a gate insulator. The Ohmic contacts are denoted by 1 − 4. A and B are the top
gates. Scale bar is 10 µm. (b) SEM image of the same sample. Red arrows depict
the edge of the BN flake. Scale bar is 1 µm.

In order to circumvent the difficulties related to the depletion of the nanowire by
the direct deposition of the top gates, various gate insulators have been tested, such
as for example cross-linked PMMA for the sample in Chap. 7. A different example
is shown in Fig. B.3(a) where BN was chosen as a gate insulator. The sample
fabrication starts by depositing the nanowire onto a standard Si/SiO2 substrate.
After contacting the nanowire, the BN flake is deposited onto the nanowire by the
mechanical transfer method described in Chap. 8. The thickness of the BN flake is
8 nm, as determined by AFM. Finally, the top gates are deposited on the BN using
electron beam lithography. Figure B.3(b) shows a SEM image of the same sample.
The edge of the BN flake is depicted by the red arrows.
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Figure B.4:

Differential conductance
of the nanowire showing Coulomb diamonds. The right top gate is at VtgR =
−1.4 V. The measurement is performed
at a temperature of T = 4.2 K.

The particular placement of the BN flake allows to compare the nanowire resistances of the uncovered part, the part covered by BN and the top gated part.
For all measured samples, no depletion due to the top gates is observed, in contrast
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to the top gated samples without additional gate insulator. Figure B.4 shows a
measurement of Coulomb diamonds using one top gate (VtgL ) as a plunger gate.
However, the coupling of the top gates is very asymmetric, yielding a relative lever
arm of αtgR /αtgL ≈ 0.1. Thus, it is not clear whether the diamonds originate from
a QD formed between the top gates. The asymmetric coupling of the top gates is
observed for various other samples. In addition, several samples exhibit significant
instabilities making it difficult to form a clean QD by the top gates.
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C

Reversed graphene/InAs nanowire hybrid samples

(a)

(b)

(c)

(d)

(e)

(f)

Figure C.5: (a) and (b) Optical microscope images during the mechanical transfer
of the nanowire on top of the graphene flake. The contact area of the transfer
film and the Si/SiO2 substrate increases from (a) to (b) Scale bars are 10 µm. (c)
Deposited nanowire. Scale bar is 5 µm. (d) AFM image of the etched graphene
nanoribbon. (e) Optical microscope image of the final sample. Scale bar is 5 µm.
(f) SEM image of the same sample. Scale bar is 1 µm.
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In Chap. 8, we have presented a graphene/InAs nanowire hybrid sample where
the graphene is deposited on top of the nanowire by the mechanical transfer process
reported by C.R. Dean et al. [211]. Here, we present a hybrid sample obtained
by the reversed process of transferring a nanowire on top of graphene, as shown
in Fig. C.5(a)-(f). The graphene flake is mechanically exfoliated on a standard
Si/SiO2 substrate using the “scotch-tape” method. After contacting the graphene,
the nanowire is transferred using the same mechanical transfer method as described
in Chap. 8. Optical microscope images taken during the deposition are shown in
Fig. C.5(a) and (b), where the transfer film with growing contact area can be recognized. Figure C.5(c) shows the transferred nanowire on top of the graphene flake.
An additional electron beam lithography step defines the etch mask through which a
graphene nanoribbon is etched parallel to the axis of the nanowire. An AFM image of
the nanowire and the graphene nanoribbon is shown in Fig. C.5(d). The nanoribbon
is positioned exactly below the nanowire. Subsequently, three consecutive electron
beam lithography steps are used to contact the nanowire, deposit a cross-linked pad
of PMMA, and to define three top gates. An optical microscope image and a SEM
image of the final sample are shown in Fig. C.5(e) and (f), respectively.
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graphene nanoribbon exhibiting a transport gap. The bias across the nanoribbon is Vgnr = 0.1 mV. The measurement is performed at a temperature of
T = 1.8 K.

The top gates can be used to induce QDs in the nanowire analogous to Chap. 7.
However, it was not possible to tune the transport gap of the graphene nanoribbon
and the QDs in the nanowire to the same gate voltage regime. Figure C.6 shows
a measurement of the transport gap of the graphene nanoribbon. In order to tune
the graphene nanoribbon into this regime, an offset voltage of Vgnr,ref = −1 V with
respect to all other voltages has to be applied to the graphene nanoribbon, which
completely pinches off the nanowire. However, further attempts using nanowires
with different diameters could improve on the functionality of this approach.
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B. Küng, S. Gustavsson, T. Choi, I. Shorubalko, T. Ihn, S. Schön, F. Hassler, G.
Blatter, and K. Ensslin
Physical Review B 80, 115315 (2009) / arXiv:0904.3656
Excited States in an InAs Nanowire Double Quantum Dot measured by
Time-Resolved Charge Detection
T. Choi, I. Shorubalko, S. Gustavsson, S. Schön and K. Ensslin
AIP Conference Proceedings 1129, 449 (2009)
Correlated counting of single electrons in a nanowire double quantum dot
T. Choi, I. Shorubalko, S. Gustavsson, S. Schön and K. Ensslin
New Journal of Physics 11, 013005 (2009) / arXiv:0812.2008

150

Bibliography
[1] T. Ihn, Semiconductor Nanostructures: Quantum States and Electronic Transport (OUP Oxford, 2010), ISBN 9780199534432.
[2] K. v. Klitzing, G. Dorda, and M. Pepper, Phys. Rev. Lett. 45, 494 (1980).
[3] D. C. Tsui, H. L. Stormer, and A. C. Gossard, Phys. Rev. Lett. 48, 1559
(1982).
[4] R. B. Laughlin, Phys. Rev. Lett. 50, 1395 (1983).
[5] B. J. van Wees, H. van Houten, C. W. J. Beenakker, J. G. Williamson, L. P.
Kouwenhoven, D. van der Marel, and C. T. Foxon, Phys. Rev. Lett. 60, 848
(1988).
[6] D. A. Wharam, T. J. Thornton, R. Newbury, M. Pepper, H. Ahmed, J. E. F.
Frost, D. G. Hasko, D. C. Peacock, D. A. Ritchie, and G. A. C. Jones, Journal
of Physics C: Solid State Physics 21, L209 (1988).
[7] M. A. Reed, Scientific American 268, 118 (1993).
[8] M. A. Kastner, Physics Today 46, 24 (1993).
[9] L. P. Kouwenhoven, C. M. Markus, P. L. McEuen, S. Tarucha, R. M. Westervelt, and N. S. Wingreen, Mesoscopic Electron Transport (Kluwer, 1997), pp.
105–214, E 345.
[10] D. Loss and D. P. DiVincenzo, Phys. Rev. A 57, 120 (1998).
[11] D. Pinotsi, J. M. Sanchez, P. Fallahi, A. Badolato, and A. Imamoglu, Photonics and Nanostructures - Fundamentals and Applications 10, 256 (2012).
[12] Y. Xia, P. Yang, Y. Sun, Y. Wu, B. Mayers, B. Gates, Y. Yin, F. Kim, and
H. Yan, Advanced Materials 15, 353 (2003).
[13] J. Alicea, Reports on Progress in Physics 75, 076501 (2012).
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21, 2681 (2009).
[42] J. Arbiol, B. Kalache, P. R. i Cabarrocas, J. R. Morante, and A. Fontcuberta i
Morral, Nanotechnology 18, 305606 (2007).
[43] Y. Wang, V. Schmidt, S. Senz, and U. Gösele, Nature Nanotechnology 1, 186
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[46] B. Mandl, J. Stangl, T. Mårtensson, A. Mikkelsen, J. Eriksson, L. S. Karlsson,
G. Bauer, L. Samuelson, and W. Seifert, Nano Letters 6, 1817 (2006).
[47] K. Hiruma, M. Yazawa, T. Katsuyama, K. Ogawa, K. Haraguchi, M. Koguchi,
and H. Kakibayashi, Journal of Applied Physics 77, 447 (1995).

153

[48] W. Seifert, M. Borgström, K. Deppert, K. A. Dick, J. Johansson, M. W.
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B. Ketterer, S. Conesa-Boj, A. Kuhlmann, et al., Nature Materials 12, 439
(2013).
[56] A. Pfund, I. Shorubalko, R. Leturcq, M. T. Borgström, F. Gramm, E. Müller,
and K. Ensslin, CHIMIA 60, 729 (2006).
[57] A. Pfund, Ph.D. thesis, ETH Zurich (2008).
[58] L. O. Olsson, C. B. M. Andersson, M. C. Håkansson, J. Kanski, L. Ilver, and
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[131] B. Küng, Ph.D. thesis, ETH Zurich (2012).
[132] L. M. K. Vandersypen, J. M. Elzerman, R. N. Schouten, L. H. W. van Beveren,
R. Hanson, and L. P. Kouwenhoven, Applied Physics Letters 85, 4394 (2004).
[133] I. T. Vink, T. Nooitgedagt, R. N. Schouten, L. M. K. Vandersypen, and
W. Wegscheider, Applied Physics Letters 91, 123512 (2007).
[134] S. Gustavsson, R. Leturcq, B. Simovic, R. Schleser, T. Ihn, P. Studerus, K. Ensslin, D. C. Driscoll, and A. C. Gossard, Phys. Rev. Lett. 96, 076605 (2006).
[135] T. Müller, Ph.D. thesis, ETH Zurich (2011).

158

[136] R. Schleser, E. Ruh, T. Ihn, K. Ensslin, D. C. Driscoll, and A. C. Gossard,
Applied Physics Letters 85, 2005 (2004).
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