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Abstract
In this thesis semiconductor quantum dots were contacted with nano-electrodes to
yield single-electron devices. For this purpose different approaches for quantum dot
preparation and nano-electrode fabrication were investigated. The resulting devices
were electrically characterized and their behavior was compared to theoretical models.
For quantum dot preparation two approaches were taken. On the one hand, silicon
quantum dots were prepared from a SOI substrate by means of a self-assembled colloidal
etch mask and reactive ion etching. On the other hand, CdSe/ZnS core/shell quantum
dots were employed and deposited onto the electrodes with special linker molecules.
To contact the quantum dots electrode pairs with a separation of only a few nanometers were necessary, which were obtained in three different ways. All methods were
based on electron beam lithography yielding electrode separations down to about
10 nm. Electrode pairs with even smaller distance were fabricated with a controlled
electromigration process. Additionally, electrochemical deposition was employed as
further method, which also was capable to realize electrode separations of only a few
nanometers.
By combining the above methods single-electron devices with a quantum dot attached to two electrodes via tunneling barriers were fabricated. These devices were
characterized by transport measurements.
The single-electron transistors based on silicon quantum dots showed the characteristic phenomenon of the Coulomb blockade for lower source-drain voltages. For higher
bias voltages a step-like increase in the current was observed, which is referred to as
Coulomb staircase. By applying a gate voltage, the single-electron transistors could be
switched from a non-conducting to a conducting state.
In the transport measurements on the significantly smaller CdSe/ZnS quantum dots
also a step-like increase was observed in the current. This time the steps were not
equidistant and their positions could be correlated with the energy spectrum of the
quantum dot’s electron states.
For both cases model calculations based on the orthodox theory were performed. The
behavior of the silicon quantum dot devices was well described by the simple model.
In case of the CdSe/ZnS based devices first the energy spectrum of the quantum dot’s
electron states was calculated from its geometry. The spectrum was included into the
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model calculation and then also a very good agreement with the measurement was
achieved.
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Kurzfassung
Das Ziel dieser Arbeit bestand darin, Halbleiterquantenpunkte mit Nanoelektroden
zu kontaktieren und so Einzelelektronenbauelemente herzustellen. Dazu wurden verschiedene Ansätze zur Erzeugung von Quantenpunkten und zur Herstellung von Nanoelektroden untersucht. Die damit produzierten Bauelemente wurden elektrisch
charakterisiert und ihr Verhalten mit theoretischen Modellen verglichen.
Zur Herstellung von Halbleiterquantenpunkten wurden zwei Strategien verfolgt.
Zum einen wurden Siliziumquantenpunkte aus einem SOI-Substrat mit Hilfe einer
sich selbstorganisierenden, kolloidalen Ätzmaske und reaktivem Ionenätzen gewonnen.
Zum anderen wurden CdSe/ZnS Core/Shell Quantenpunkte verwendet, welche mittels
spezieller Moleküle auf den Elektroden abgeschieden werden konnten.
Um die Quantenpunkte zu kontaktieren, waren Elektrodenpaare mit einem Abstand
von wenigen Nanometern erforderlich, welche auf drei verschiedene Weisen erzeugt
wurden. Als Ausgangspunkt diente jeweils die Elektronenstrahllithographie, mit der
Elektrodenabstände bis etwa 10 nm realisiert werden konnten. Elektrodenpaare mit
noch kleineren Abständen wurden mittels kontrollierter Elektromigration hergestellt.
Als weitere Methode kam elektrochemische Abscheidung zum Einsatz, die es ebenfalls
ermöglichte, Elektrodenabstände von wenigen Nanometern zu realisieren.
Durch Kombination der oben beschriebenen Methoden wurden Einzelelektronenbauelemente produziert, bei denen ein Quantenpunkt über Tunnelbarrieren mit zwei
Elektroden verbunden ist. Diese Bauelemente wurden mittels Transportmessungen
charakterisiert.
Die auf Siliziumquantenpunkten basierenden Einzelelektronentransistoren zeigten
dabei für kleine Source-Drain-Spannungen das charakteristische Phänomen der
Coulomb-Blockade. Bei größerer Vorspannung wurde ein stufenweiser Anstieg des
Stromes beobachtet, welcher als Coulomb Staircase bezeichnet wird. Durch das Anlegen einer Gate-Spannung konnten die Einzelelektronentransistoren außerdem von
einem nichtleitenden in einen leitenden Zustand geschaltet werden.
Bei den Transportmessungen an den deutlich kleineren CdSe/ZnS Quantenpunkten wurde ebenfalls ein stufenartiger Anstieg des Stroms mit steigender Vorspannung beobachtet. Hier waren die Stufen allerdings nicht äquidistant und ihre Positionen konnten mit dem Energiespektrum der Elektronenzustände im Quantenpunkt
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in Verbindung gebracht werden.
Für beide Fälle wurden Modellrechnungen basierend auf der Orthodox Theory
angestellt. Im Fall der Siliziumquantenpunkte konnte das Verhalten der Bauelemente
gut mit dem einfachen Modell beschrieben werden. Bei den CdSe/ZnS Quantenpunkten wurden zuerst die Energieniveaus der Elektronenzustände aus der Geometrie der
Quantenpunkte berechnet und diese in das Modell einbezogen. Auch hier wurde dann
eine erstaunlich gute Übereinstimmung erzielt.
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1. Introduction
The evolution of integrated circuit performance, in particular of computer processors
and memory cells, is well described by Moore’s law first formulated by Gordon Moore
in 1965 [80]. The law claims that the complexity and the integration density is doubled
approximately every two years. This ongoing development is obviously accompanied
by a reduction in the device size, the current necessary to operate it and the charge
used to store information. Despite the enormous efforts necessary to fabricate the evershrinking structures to follow Moore’s law (at the time of writing the 45 nm technology
node was state of the art), also physical problems associated with the operability of the
nano-devices themselves are foreseeable. In a few years, for example, the number of
charges used to store one bit of information in a memory cell will approach the single
electron limit. Considering the statistical fluctuations of the actual carrier number, a
variation by one electron might switch the bit from 1 to 0 and thus lead to the loss of
data. Also quantization and tunneling effects become increasingly important when the
lines are further narrowed and the gate oxide thickness is reduced.
On the other hand, the effects described above do not only prevent classical electronic
devices from proper operation, but also offer the possibility to develop novel types of
devices. With the discovery of the single-electron tunneling effect [84, 45, 76], which
states that an electron cannot tunnel into a small island if charging its capacitance
with only one electron exceeds thermal energy, the development of the so-called singleelectron transistor [41] was possible. This device is based on a nanometer sized metallic
island coupled to source and drain electrodes via tunneling barriers and an additional
gate electrode. Quantum dots and single molecules are also promising building blocks
for future nano-electronic devices. The energy spectrum of a quantum dot can be
adjusted via its shape and material whereas molecules can readily be synthesized with
tailored properties by means of organic chemistry.
The key to get access to these nano-objects in order to built such devices is the
ability to fabricate nano-electrodes to make electronic contact. When it is possible
to contact quantum dots and single molecules, a whole range of novel, interesting devices gets within reach [66, 89, 90, 74, 62, 60, 122, 58]. An even wider variety of
applications becomes available if these nano-structures are combined with ferromagnetic electrodes [50]. Due to their spin-dependent density of states they are capable
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of injecting spin-polarized carriers and open the door to spintronic devices such as the
quantum dot spin valve [25]. Nano-electrodes also provide the facility to characterize
nano-objects via tunneling spectroscopy. In comparison to scanning tunneling spectroscopy the ability to add a gate electrode yields additional insight into the object
under investigation.
The scope of this thesis was the development of techniques to contact nano-objects,
and in particular semiconductor quantum dots, and thereby fabricate nano-electronic
devices. This included the establishment of different preparation techniques for semiconductor quantum dots serving as the nano-object in our devices. The main focus
of the work was put on the investigation of several fabrication processes for nanoelectrodes. By combining these methods different types of single-electron devices were
fabricated. The devices were then characterized with a variety of electronic measurements. Therefore the manuscript is structured as follows.
To be able to describe the electronic properties of such novel nano-electronic devices, the standard formalism of the Boltzmann transport equation is not appropriate
anymore. Instead new concepts like the Launder formula for ballistic transport, the
transfer Hamiltonian method for tunneling and the orthodox theory for single-electron
effects are necessary. An overview of important theoretical tools for nano-electronic
devices is given in chapter 2. In addition the energy spectrum of semiconductor quantum dots and its impact on their transport properties are discussed. The chapter is
completed by a section on spin-dependent transport.
For the quantum dot preparation, which is the topic of chapter 3, two approaches
were taken. One method was based on colloidal CdSe/ZnS core/shell quantum dots,
which were deposited onto gold nano-electrodes by thiol linker molecules. The other
technique was a top down approach starting from a silicon-on-insulator substrate. The
substrate was covered with self-assembled gold colloids, which served as an etch mask
in an anisotropic reactive ion etch. After removing the etch mask silicon quantum dots
remained on the insulating buried oxide layer of the SOI substrate.
Nano-electrodes were fabricate in three different ways, which are discussed in chapter 4. The easiest approach was the utilization of electron beam lithography to expose
an appropriate resist followed by a lift-off technique to obtain metallic nano-electrodes.
This standard method was optimized to reduce the electrode separation. As alternative approach a controlled electromigration process was developed to gradually break
a previously defined metallic wire to yield two separated nano-electrodes. As third
method a controlled electrochemical deposition process was implemented where metal
was plated onto two well separated electrode templates while monitoring the conductance between them. Thereby the electrodes were gradually grown together until the
monitor conductance reached a preset value.

14

Devices were fabricated by either preparing a sample with SOI quantum dots and
patterning nano-electrodes on top or by using an insulating substrate, defining the
nano-electrodes and chemically attaching the CdSe/ZnS QDs. On both types of samples lateral gate electrodes were included and the silicon substrate was used as a back
gate. The devices obtained by these methods were then electrically characterized, which
is the topic of chapter 5. The measurements were typically performed at cryogenic temperatures and an electronic measurement setup had to be assembled to measure in the
picoampere range and to record differential conductance traces. The I-V characteristic
of samples based on SOI quantum dots was measured and compared to orthodox theory
calculations. Also gate-dependent measurements were performed to show the devices’
single-electron transistor properties. CdSe/ZnS-QD based devices were measured by
similar means, but with the aim to reveal information about the electronic structure
of the quantum dots.
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2. Transport in nanostructures
As outlined in the previous chapter, future electronic devices will be based on nanoobjects. Therefore it is important to understand the electronic transport in such nanostructures. In this chapter the theories necessary to understand and discuss the results
of the following experiments is compiled and reviewed.
In macroscopic systems the transport is said to be diffusive and is well described
by the Boltzmann transport equation (BTE), which will be treated in the first section
of this chapter. In these systems the geometric dimensions are much larger than the
mean free path of electrons between scattering events such that one averages over
single scatterers. In this regime it is possible to define the conductance of a structure
G = I/V , which states how much current is passed through the whole device at a given
voltage. One can also define a quantity referred to as conductivity σ = J/E, which
relates the current density to the applied field at a specific point in the structure.
If the system size is smaller than the mean free path, the transport is called ballistic
as electrons may pass through the system without being scattered on impurities. In
this ballistic regime only the conductance G is of importance as a conductivity can
not be defined. As it is no longer possible to average over scattering events, a new
treatment of the transport properties is needed, which is introduced in section 2.2.
In ballistic junctions the two reservoirs are connected by only a narrow conducting
region. If this connection is now removed and the reservoirs are separated by a more or
less thin barrier, no classical transport is possible. In this regime quantum mechanical
tunneling is responsible for the electron transport, which is caused by the non-vanishing
wave functions within the barrier and on the other side. This is discussed in section 2.3.
If tunneling occurs from a reservoir to a very small conducting island, the capacitance
of the island may be so small that charging it with just one electron exceeds thermal
energy. In this case a voltage corresponding to this Coulomb charging energy has to be
applied to charge the island. This is called the single-electron tunneling effect and will
be explained in section 2.4. It gives rise to a whole new class of single-electron devices.
Quantum dots are important building blocks for future nano-electronic devices.
Therefore their transport properties are also discussed. Due to the spacial confinement, electrons and holes may only occupy discrete energy levels. If a quantum dot is
now coupled to two reservoirs via tunneling barriers, these energy levels together with
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the Coulomb charging energy determine the transport through the structure, as we
will see in section 2.5.
In the case of magnetic electrodes the story becomes even more complicated. Due to
the Zeeman splitting one carrier type (spin up or spin down) is energetically preferred
depending on the magnetization. As shown in section 2.6, the transmission through a
ferromagnetic nanostructure also depends on the orientation of its magnetization.

2.1. Diffusive transport regime
In the diffusive transport regime electrons are scattered by impurities when moving
through the structure. In the very simple approach of the Drude model this scattering
is accounted for by a friction term in the equation of motion, which is proportional
to the inverse scattering time 1/τ . A more sophisticated model is provided by the
Boltzmann transport equation, which describes the evolution of a distribution function
and includes the scattering via a specific integral. As an approximation, this integral
can again be expressed in terms of the scattering or relaxation time.

2.1.1. Drude model
The Drude model was developed by Paul Drude in the 1900s and treats electrons as a
non-interacting electron gas of density n. If an electric field E is applied, the electrons
are accelerated in the field direction and their motion is damped by a frictional force
due to collisions with impurities. This is accounted for by a momentum relaxation
time τ . For the average velocity one can write down the following kinetic equation
[105, 57]
m
d
hvi = −eE − hvi.
dt
τ
For the steady state the time derivative is zero and the average velocity hvi becomes
m

eτ
E = −µE
m
with µ being the mobility of the carriers. With the charge carrier density n the
current density J can be calculated to
hvi = −

ne2 τ
E = σE
(2.1)
m
which is the continuum form of Ohm’s law. From this we see that the conductivity σ
is proportional to the relaxation time τ . It is important to note that not all electrons
in a material may contribute to this conductivity. Due to Pauli’s exclusion principle
J = −enhvi =
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electrons require unoccupied states nearby to gain energy from the field, and consequently only those electrons with energies close to the Fermi level EF participate in
transport. This is captured by the Einstein relation
σ = e2 g(EF )D = e2 g(EF )

e2 τ
µkB T
= g(EF )kB T
e
m

where g(EF ) denotes the density of states (DOS) at the Fermi energy and D the
diffusion constant. Comparison with equation 2.1 shows that g(EF )kB T corresponds
to an effective carrier density.
Of course the Drude model is only a very simple picture and does not capture all
effects present in a real conductor. In particular, τ is generally a function of the velocity.

2.1.2. Boltzmann transport equation
A more appropriate transport theory is the semi-classical Boltzmann equation, which
describes the time evolution of a distribution function characterizing the carriers of the
system [57]. It is based on the assumption that even under non-equilibrium conditions
a local equilibrium can be defined for areas large compared to the atomic scale and
the Fermi wavelength. This implies that the structures which can be treated by this
theory must have potentials which vary smoothly on the atomic scale.
In a material the charge carriers may be described by a distribution function f , which
among k may in general also depend on the position r and the time t. In equilibrium
this function is the well-know Fermi-Dirac distribution.
f (k) =

1
e(E(k)−µ)/kT

+1

Under non-equilibrium conditions the distribution function will deviate from the
Fermi distribution and it will change with time due to applied fields and scattering
processes. Observing how electrons in some test volume evolve from the time t − dt
to t, we see that carriers in this volume will move from r − v (k) dt to r and their
wave vector will change from k − F~ dt to k. Here F is the force acting on the carriers.
Therefore we can write for the distribution function

f (r, k, t) = f

  
F
∂f
r − v (k) dt, k − dt, t − dt +
dt
~
∂t scatt

where the last term was added to account for scattering processes.


As f (r, k, t) − f r − v (k) dt, k − F~ dt, t − dt /dt is the time derivative of f , one
can rewrite the above equation as
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∂r
∂t



Solving for ∂f /∂t and substituting ∂r
= v and
∂t
the Boltzmann transport equation (BTE):

∂k
∂t

=

F
~





∂f
∂t



∂f
∂t


scatt

∂f
∂t

=

df
=
=
dt

∂f
∂t



∂f
∂t







∂f
∂r

+


+

dif f

∂f
∂t




+
f orce


+

∂f
∂k

=

e
~



∂k
∂t


.

(E + v × B) we obtain

scatt

e
= −v · ∇r f − (E + v × B) · ∇k f +
~



∂f
∂t


scatt

The first term on the right side describes the drift of carriers due a spacial gradient
in their distribution, the second terms accounts for forces due applied fields and the
last term is caused by scattering. For the steady state ∂f /∂t = 0 and the contribution
due to diffusion, force and scattering have to compensate each other. In general, the
scattering term is given by an integral over all final states kf


∂f
∂t

ˆ


∝



dkf wki kf (1 − f (ki )) f (kf ) − wkf ki f (ki ) (1 − f (kf ))

scatt

with the matrix elements wkf ki ∝ |hkf |Hscatt | ki i|2 , which results in an integrodifferential equation. As this equation is mathematically quite complicate to handle,
one very often uses the relaxation time approximation for the Boltzmann equation
dealt with in the following section.

2.1.3. Relaxation time approximation
For the relaxation time approximation it is assumed that the rate at which the distribution function f is driven back to the equilibrium distribution f0 is proportional
to its deviation from it. The proportionality constant is the inverse of the relaxation
time τ .


∂f
∂t


=−
scatt

f (k) − f0 (k)
τ (k)

Here τ can also depend on the position. If an external perturbation is switched off,
the system exponentially relaxes into the equilibrium state with τ being the corresponding time constant. By substituting this into the Boltzmann equation one obtains
f (k) − f0 (k)
e
− E · ∇k f (k) = −
~
τ (k)
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2.2. Ballistic transport regime

e
f (k) = f0 (k) + τ (k) E · ∇k f (k)
~
for the steady state ( ∂f
= 0) in a homogeneous (∇f = 0) case without magnetic
∂t
field. A first order approximation linear in E for the solution of this differential equation
can be found by inserting f0 for f (k) on the right hand side. The result can then be
considered as an expansion of f0 (k) around k.
i
e
f (k) ' f0 k + τ (k) E
~
The interpretation of this expression is that the Fermi distribution is shifted by
e
τ (k) E due to the applied electrical field. When the field is switched off, the shifted
~
Fermi sphere relaxes back to its equilibrium position. The asymmetry in the distribution function induced by the electric field results in an electrical current. The
corresponding conductivity can then be written as a tensor σ̂ of the following form
h

e2
σ̂ = 3
8π ~

ˆ
E=EF

v (k) v (k)
τ (k) dSF .
v (k)

Even though the Boltzmann transport equation is a powerful tool to describe bulk
systems, it is no longer valid if the dimensions of the structure under investigation
become of the same order as the mean free path between scattering events. If this is
the case, one can no longer average over individual scattering events and the boundaries
of the system become increasingly important, as outlined in the next section.

2.2. Ballistic transport regime
As already mentioned, systems with sizes smaller than the mean free path are called
ballistic as electrons pass through them without being scattered on impurities. In these
structures electrons are primarily scattered at the system boundaries.
Mesoscopic systems may be categorized into different regimes by comparison with
two characteristic length scales [4]. One is the mean free path of the electrons which
corresponds to their scattering time (Λ = vF τ ), the other is the Fermi wavelength
λF = 2π/kF .
• Systems with dimensions smaller than the mean free path, but still large compared to the Fermi wavelength. In this regime electrons can be regarded as
moving on classical trajectories according to Newton’s laws of mechanics without
being scattered. Hence, the systems can be considered classical ballistic.
• Systems with sizes comparable to the Fermi wavelength, which in metals is on
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the order of a few angstroms. In this regime the wave properties of electrons are
dominant and quantization effects may be observed. Therefore it could be called
quantum ballistic.
Due to the fact that one can no longer average over scattering events and that the
geometry essentially determines the transport properties, the Boltzmann equation is
not adequate anymore to describe such systems. One formalism to treat mesoscopic
systems was developed by Landauer [70, 71] and is discussed in the following section.
Afterwards its application to quantum point contacts, which are systems in the quantum ballistic regime, is shown.

2.2.1. Landauer formula
The Landauer formula describes a scattering region which is attached to two reservoirs via ideal conducting leads where no scattering takes place (see figure 2.1). The
reservoirs are characterized by their chemical potentials µ1 and µ2 corresponding to
the electron densities and they randomize the phase and absorb the energy of injected
carriers.
Following the derivation of Ferry and Goodnick [39], first the single-channel case,
where only one subband is available, is examined. Afterwards the theory is extended
to the multi-channel case.

Figure 2.1.: Sketch of a scattering structure with one conducting channel coupled to
two reservoirs via ideal leads (following [39]). At the top the respective
chemical potentials are shown.

22

2.2. Ballistic transport regime
Single-channel case
To calculate the number of electrons injected into the junction from the left and from
the right side per unit time one has to multiply the density of states, their probability
of being occupied f , the corresponding velocity v and their transmission probability T
and integrate over all k. With the charge e one obtains the following current for the
1D case:
2e
I=
2π

ˆ

ˆ

∞

∞


dk v(k ) f2 (k ) T (E )
0

dk v(k) f1 (k) T (E) −

0

0

0

0

0

At low temperatures the Fermi distribution is very sharp and only electrons up to
energy µ1 and µ2 are injected from the left and right respectively. If we now convert
the k integrals to energy integrals, we can combine the two terms.
 
ˆ µ1
 0

ˆ µ2
dk
2e
dk
0
0
0
dE
I =
v(k)f1 (k)T (E) −
dE
v(k )f2 (k )T (E )
2π 0
dE
dE
0
ˆ µ1
2e
=
dE T (E)
2π~ µ2
As the velocity is v = ~1 dE
, it cancels out with the factor arising from the substitution
dk
of variables to the constant 1/~. If the applied bias and thus the difference in the
chemical potentials µ1 − µ2 is small, the transmission coefficient T can be assumed to
be independent of energy. This allows us to evaluate the now trivial integral and the
current becomes

I=

2e
h


T (µ1 − µ2 ).

(2.2)

For the derivation we have used equilibrium distribution functions for the contacts,
even though an applied bias voltage leads to non-equilibrium conditions. As a consequence there is a reduction in carrier concentration on the left side of the scattering
region while there is a pile-up on right side due to transmission through the structure.
As long as we are still in a linear response regime, we can account for the charge rearrangement by introducing average charge densities for the ideal leads to either side
of the scatterer, which correspond to the Fermi levels µA and µB [39]. The potential
drop V across the scattering structure is then given by
eV = µA − µB < µ1 − µ2
By comparing the carrier densities in the ideal leads obtained from the near-equilibrium
distributions fA and fB to the fluxes from the left and right reservoirs [39], the potential
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drop across the scattering structure can be deduced to µA − µB = (1 − T ) (µ1 − µ2 ).
Substituting this into equation 2.2, the expression for the current becomes

I=

2e
h



T
(µA − µB ) =
1−T



2e2
h



T
V
R

which is known as the single-channel Landauer formula. It can also be expressed in
terms of the conductance of the structure
I
=
G=
V



2e2
h



T
=
1−T



2e2
h



T
.
R

The above expression is valid for a 4-terminal measurement as it relates the current
through the scattering structure with the voltage drop at the structure itself. If the
voltage is measured through the same leads as the current is applied (2-terminal setup),
the factor (1 − T ) is missing as the voltmeter shows not only the potential drop at the
structure itself, but also the contact potential in the leads. This gives rise the following
form of Landauer’s formula:

G=

2e2
h


T

The conductance of a mesoscopic structure where only one channel is available is thus
given by the transmission of this channel at the Fermi energy times the fundamental
conductance 2e2 /h, which corresponds to a resistance of 12.9 kΩ.
Multi-channel case
Let us now consider the more complex case where several channels contribute to the
conductance. In this case the wave functions on both sides of the scattering region are
connected by a scattering matrix.
S=

r t0
t r0

!

Here r, r0 , t and t0 represent submatrices of size N × N , where N is the number of
modes. An incoming wave in mode j from the left side has probability Tij = |tij |2 to
be transmitted into mode i on right side and the probability Rij = |rij |2 to be reflected
back into mode i on the left side. Following the derivation for the single-channel case,
carriers injected from mode j on the left side into mode i on the right side give rise to
a current
Iij =
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2e
Tij (µ1 − µ2 ).
h
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Here (µ1 − µ2 ) is again the potential drop between the two reservoirs. Such a pair of
modes i and j can be interpreted as a single channel. To get the overall current through
the structure one has to sum over all possible channels, thus over all combinations i, j.

I=

X
i,j

Iij =

N
X
X
2e
2e
2e
(µ1 − µ2 )
(µ1 − µ2 )
(µ1 − µ2 ) T r(tt† )
Tji =
Ti =
h
h
h
i,j
i=1

This is Landauer’s formula for the multi-channel case. As in the last section, we can
express it in terms of the conductance measured with a two-terminal setup. Therefore
the current has to be devided by the voltage drop V = (µ1 − µ2 )/e across the two
reservoirs.
N
2e2 X
2e2
2e2 X
Tji =
Ti =
T r(tt† )
G=
h i,j
h i=1
h

This formula will be applied to describe the transport properties of quantum point
contacts in the following section.

2.2.2. Quantum point contacts
Quantum point contacts (QPCs) are one of the most prominent examples where the
model developed by Landauer and Büttiker can be applied. They were first discovered experimentally in 1988 by two independent groups from Britain [126] and the
Netherlands [124] using a split-gate setup on top of GaAs/AlGaAs 2D electron gas
(2DEG). The split-gates separate two reservoirs and leave a void of just a few hundred
nanometers. When a negative voltage is applied, the 2DEG is depleted below the gates
where the region of influence depends on the applied voltage. Thereby the quantum
channel that the carriers have to pass can be adjusted very accurately by tuning the
gate voltage. In the experiments the low temperature conductance versus gate voltage
showed plateaus at integer multiples of the conductance quantum G0 = 2e2 /h.
The interpretation of these results was that the electron waves are laterally confined
at the constriction of the 2DEG as schematically shown in figure 2.2. As a consequence
only waves matching the boundary conditions are allowed. These so-called lateral
subbands or modes only contribute to the conductance if their confinement energy
is located below the Fermi level. This gives rise to a distinct number of conduction
channels depending on the width of the constriction, and thus on the applied gate
voltage.
Let us now calculate the conductance of such a QPC. Therefore we assume that
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Figure 2.2.: Confinement of electron waves in the constriction of a QPC.
scattering between different modes is weak (Tij ' 0 for i 6= j) and the transmission
within one mode is close to unity (Tij ' 1 for i = j). With these assumptions the
double sum in Landauer’s formula can be evaluated and the conductance of the QPC
becomes
G=

2e2 X
2e2
2e2 X
N
Tji =
Tii =
h i,j
h i
h

where N is the number of contributing modes. One can see that the total conductance of a QPC is just the conductance quantum multiplied by the number of modes
lying below the Fermi energy. As the gate voltage is made more negative, the confinement of the electrons is increased and less modes fall below the Fermi level. This
phenomenon is called conductance quantization.
Later, conductance quantization was also shown in metallic QPCs fabricated using
mechanically controllable break junctions [1]. It is important to note that not only
the mean free path and the phase coherence length have to be larger than the system
dimensions, but also the Fermi wavelength has to be comparable to the constriction
width for confinement to be effective. In semiconductors the Fermi wavelength is on
the order of a few tenth of nanometers whereas in metals it is only a few angstroms.
This means that in a metallic QPC only a few atoms are connecting the two reservoirs.

2.3. Tunneling regime
Now we take a look at a system where the narrow channel connecting the two reservoirs
is completely closed so that they are separated by a potential barrier. In the classical
picture a particle can not penetrate a barrier with a higher potential than its total
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energy. In such a case a classical particle is always reflected. A quantum mechanical
wave function, however, does not completely vanish inside a barrier unless the barrier
is infinitely high, but decays exponentially into it. If the barrier is thin enough, some
of the amplitude of the wave function is still present at the other side of the barrier.
As the absolute square of the wave function corresponds to the probability to find the
particle in the corresponding position, there is a non-vanishing probability for it to
reach the other side of the barrier. This process is referred to as quantum mechanical
tunneling.
The above situation is well described by Schrödinger’s equation, which has to be
solved for either side of the barrier and the barrier itself and the solutions have to
be matched at the boundaries (done for a rectangular barrier in section 2.3.1). In
section 2.3.2 this is extended to arbitrarily shaped barrier using a Wentzel-KramersBrillouin (WKB) approximation resulting in the so-called Simmons formula. Finally,
an alternative many-particle approach is introduced in section 2.3.3, which will allow
us later to express tunneling rates from one mode on the initial side to another mode
on the final side in terms of Fermi’s golden rule.

2.3.1. Tunneling through a rectangular barrier
Let us first consider a planar symmetric rectangular barrier as sketched in figure 2.3.
Taking an independent electron approach we can describe the electron by the 1D
Schrödinger equation [39]



1
∂
~2 ∂
+ Vef f (z) ϕ(z) = E ϕ(z).
−
2 ∂z m∗ (z) ∂z

The effective mass m∗ may be different for the barrier region and the potential is V0
for the barrier and 0 elsewhere.

Vef f




z < −a

 0
=
V0 −a ≤ z ≤ a



 0
z>a

The Schrödinger equation can be solved piecewise and results in a wave function


ikz
−ikz

z < −a

 Ae + Be
ϕ(z) =
Ceγz + De−γz −a < z < a



 Eeikz + F e−ikz
z>a
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Figure 2.3.: Model for a symmetrical rectangular tunneling barrier.
√

√

2m∗ (V0 −E)

2m∗ E
~

and γ =
. For the solution on either side of the barrier we
with k =
~
obtain plane waves, whereas the wave function within the barrier has an exponentially
decaying form. The coefficients A and B correspond to the amplitude of incident and
outgoing waves from the left, while E and F to respective waves from the right.
At the boundaries −a and a the wave function ϕ and its derivative have to be
continuous, which gives rise to the following set of boundary conditions.
ϕL (±a) = ϕR (±a)
1 ∂ϕR
1 ∂ϕL
|±a = ∗
|±a
∗
mL ∂z
mR ∂z
Matching the coefficients A to D at boundary −a results in a set of two equations
Ae−ika + Beika = Ce−γa + Deγa



ik Ae−ika + Beika = γ Ce−γa + Deγa
which can be written in a matrix formulation.
A
B



!
=



Analog, a matrix equation relating
C
D
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ik−γ
e−(ik+γ)a
2ik
 −(ik−γ)a
ik+γ
e
2ik

ik+γ
e(ik−γ)a
2γ
 −(ik+γ)a
ik−γ
e
2ik

!
to

E
F


!

C
D

!
(2.3)

!
can be derived.



−(ik+γ)a
e(ik−γ)a − ik−γ
e
 2γ 

=   ik−γ 
ik+γ
(ik+γ)a
−(ik−γ)a
− 2γ e
e
2γ
ik+γ
2γ



C
D



E
F

!
(2.4)

2.3. Tunneling regime
Substituting the right side of equation (2.4) into (2.3) we obtain an overall matrix
equation relating the wave amplitudes from the left to those from right side of the
barrier.
A
B
M11

!

M11 M12
M21 M22

=

!

E
F

!
(2.5)





i k2 − γ 2
sinh (2γa) e2ika
= cosh (2γa) −
2
kγ
M21

i
=−
2



k2 + γ 2
kγ


sinh (2γa)

∗
M22 = M11

∗
M12 = M21

The transmission coefficient T is now defined as ratio of absolute squares of the
outgoing amplitude on the right E and the incoming amplitude from the left A. Expressing A and E by the above equations one obtains an energy dependent transmission
coefficient of the form
|E|2
1
1
T (E) =
.
 2 2 2
2 =
2 =
+γ
|A|
|M11 |
1 + k 2kγ
sinh² (2γa)
Figure 2.4 shows the transmission coefficient plotted over energy normalized to the
barrier height. For energies far below the barrier height, the transmission is basically
zero. At energies close to but still below the barrier height, the transmission sets in.
This is referred to as quantum mechanical tunneling as it would classically not be
allowed. For energies above V0 , the transmission oscillates and approaches one. This
oscillation also has no classical analogon.
For sufficiently thick barriers the transmission coefficient simplifies to

T (E) →

4kγ
k2 + γ 2

2

e−4γa ∝ e−2w

√

2m∗ (V0 −E)/~

(2.6)

where w is the width of the barrier. We can see that the transmission decreases
exponentially with barrier width and with the square root of the barrier height. This
simplified expression is later used to derive the transmission coefficient for an arbitrarily
shaped barrier.
Furthermore, equation 2.5 can be converted into a scattering matrix form, where a
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Figure 2.4.: The transmission coefficient of a symmetric rectangular barrier as function
of energy.
matrix relates the incoming waves to the outgoing waves.
B
E

!
=

S11 S12
S21 S22

!

A
F

!
=

r t0
t r0

!

A
F

!
=S

A
F

!
(2.7)

Again A and F correspond to the incident waves on the barrier and B and E to the
scattered, outgoing waves. This formulation is compatible with the Landauer formula
from section 2.2.1 and S is again called scattering matrix.

2.3.2. Tunneling through an arbitrary barrier - Simmons formula
In the last section we have analyzed tunneling through a symmetrical, rectangular
barrier. In reality this condition is rarely met as the system becomes asymmetric as
soon as a voltage is applied and the shape of the barrier is no longer rectangular. For
this reason we want to extend the above considerations to tunneling through arbitrary
barriers, e.g. a triangular shaped one [107].
For this purpose we first apply the Wentzel-Kramers-Brillouin (WKB) approximation. Therefore the arbitrary barrier is divided into N slices, which are then substituted
by rectangular barriers as sketched in figure 2.5. The transmission through one of these
slabs is approximately given by equation 2.6 and the overall transmission is obtained
by summing over all slices in the exponent. Letting N go to infinity this sum becomes
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Figure 2.5.: Schematic illustration of an arbitrary barrier and its WKB approximation.
an integral over the barrier width and the tunneling probability takes the form


4π
T (Ex ) = exp −
h

ˆ

s2

p
2m (V (x) − Ex )dx



(2.8)

s1

with Ex = 21 mvx2 being the energy component in x direction. The number of electrons
tunneling from electrode 1 to 2 can be written as
ˆ
N1 =
0

vm

4πm2
vx n(vx )T (Ex )dvx = ... =
h3

ˆ

ˆ

Em

T (Ex )dEx
0

∞

f (E)dEr
0

where n(vx ) dvx is the number of electrons per unit volume with a velocity between
vx and vx + dvx . The carrier density n can be extracted from Fermi-Dirac statistics.

Next, polar coordinates were introduced to separate Ex from Er = 21 m vy2 + vz2 . The
number of electrons N2 tunneling the other way round can be deducted in the same
manner and the net number of electrons passing the barrier is
ˆ
N = N1 − N2 =

Em


T (Ex )dEx

0

|

4πm2
h3

ˆ
0

∞


(f (E) − f (E + eV )) dEr .
{z
}
ξ/e

Multiplying by the electron charge e we get the corresponding current density
ˆ
J=

Em

h


i
p
p 
T (Ex )ξdEx = J0 ϕexp −A ϕ − (ϕ + eV ) exp −A ϕ + eV
(2.9)

0

√
´ s2
1
with J0 = e/2πh(β∆s)2 , A = 4πβ∆s
2m and ϕ = ∆s
ϕ(x)dx being the mean
h
s1
barrier height above the Fermi level. To obtain the right hand side of equation 2.9 first
the integral in equation 2.8 has to be evaluated and then the left expression of eq. 2.9
can be integrated (for details see [107]). The formula is known as Simmons formula for
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the current density through an arbitrarily shaped barrier.
√
In eq. 2.9 the term J0 ϕ exp (−A ϕ) corresponds to the current density flowing

√
from electrode 1 to 2, while J0 (ϕ + eV ) exp −A ϕ + eV is the current density in
the opposite direction. At V = 0 a state of dynamic equilibrium is reached where the
two currents compensate each other. The model basically substitutes an arbitrarily
shaped barrier with an effective rectangular barrier with the same transport properties
as sketched in figure 2.6. For very low voltages the junction can be described like an
Ohmic resistance.
√
J=

2mϕe2 −A√ϕ
e
V
∆s h2

A very important case where equation 2.9 can be a applied is the triangular barrier.
Here the barrier width at the Fermi level is the absolute width ∆s = s, the average
barrier height above EF is ϕ = (ϕ − eV /2) and β ≈ 1. This yields a symmetric
expression for the current density through such a tunnel junction.

e
J=
2πhs2

s


!
eV
eV
4πs
ϕ−
2m ϕ −
exp −
2
h
2
s



!#
eV
4πs
eV
− ϕ+
exp −
2m ϕ +
2
h
2

"

This is Simmons formula for a triangular barrier at intermediate bias voltages. It is
plotted in figure 2.7 for different values of ϕ and s. The two diagrams show that both
parameters influence the shape of the curve in a similar way.
The formula is used to fit measured I-V curves and characterize tunnel junctions

Δs

_
Φ
EF

Δs

_
Φ0 Φ

Φ(x)
eV

EF

eV

Figure 2.6.: Schematic illustration of real and effective tunneling barrier for an arbitrary
shape and for a triangular barrier.
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Figure 2.7.: Simmons formula plotted for different values of the barrier width (left) and
the barrier height (right). The current is normalized for the curves to be
illustrated in one plot.
later on in this work. The disadvantages of this model are that it is strictly valid only
for a 1D configuration and that it does not account for an energy dependent density
of states, which is e.g. present in semiconductor quantum dots.

2.3.3. Transfer Hamiltonian method
The approach discussed in the previous sections is based on a single Schrödinger equation for a single wave function defined on either side of the tunneling barrier. An
alternative approach was taken by Bardeen [14], where the two electrodes are treated
as quasi separated systems with their own Hamiltonians HL and HR and the corresponding eigenstates ψL and ψR , as depicted in figure 2.8.

Figure 2.8.: Illustration of the separated eigenstates in the left and right reservoir and
their interaction within the tunneling barrier.
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The two systems are then coupled by introducing a weak perturbation with a corresponding Hamiltonian HT , which is called transfer-Hamiltonian. With this the overall
system can be described by the following Hamiltonian:
H = HL + HR + HT
HL and HR can be written in second quantization [35, 39]
HLR =

X

EkLR c†kLR ckLR

kLR

where c†kLR ckLR represents the number operator and EkLR the corresponding energy
eigenvalue. The tunneling Hamiltonian HT can be expressed as
HT =

X
kL ,kR

TkL ,kR c†kL ckR +

X

TkR ,kL c†kR ckL .

kL ,kR

In the first term an electron is annihilated on the right side while one is created on
the left side and in the second term vice versa. TkL ,kR = hkR |HT |kL i is the matrix
element connecting a state kL on the left to a state kR on the right side. The tunneling
rate from a state kL on the left into a state kR on the right is calculated using Fermi’s
golden rule
2π
|TkL ,kR |2 f (EL ) [1 − f (ER )] δ (EL − ER )
~

Γ+
kL →kR =

(2.10)

where f (E) is the Fermi function and the δ-function takes care of energy conservation. Summing over all states and going from wave vectors to energies by introducing
the density of states D(E), the total tunneling rate from left to right becomes
2π
Γ =
|T |2
~

ˆ

ˆ

∞

+

∞

dER DL (EL ) DR (ER ) f (EL ) [1 − f (ER )] δ (EL − ER ) .

dEL
ECL

ECR

The tunneling rate from right to left Γ− is obtained analogously. To get the total
current through the tunnel junction one has to balance Γ+ and Γ− and multiply with
the elementary charge e.
I = e Γ+ − Γ−



This model yields similar results as the coherent, independent electron model, especially for thick and high barriers [35]. Beyond that, it will be very useful in the
following sections to calculate the current through single-electron devices. Further-
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more it allows for a full many-body treatment of the calculations, which is, however,
not taken advantage of in this work.

2.4. Single-electron tunneling
The quantum mechanical tunneling effect discussed in the last section causes another
effect called single-electron tunneling. The reason for this effect is that tunneling can
be regarded as a “Boolean” process compared to normal conduction, where an arbitrary
charge can flow through an imaginary section of a conductor. If we take a look at a
tunnel junction, one electron has either tunneled through it or not. As a consequence,
current is passed through a tunneling barrier like drops coming from a water tap.
This was first theoretically considered by Likharev [76] in 1988, while the experimental
verification of single-electron tunneling through a single barrier is extremely difficult
to achieve, as the junction is always shunted by stray capacitances which smooth out
small current fluctuations.
Technically more relevant is single-electron tunneling through a double barrier configuration, which can be realized by coupling a conducting island to two electrodes via
tunneling barriers (see figure 2.9). If the size of the island and with it its capacitance
is small enough, the energy needed to charge it with just one single electron exceed
thermal energy. As electrons can tunnel onto the island only as a whole and thus charge
the island, tunneling is blocked. This is called the Coulomb blockade.
In section 2.4.1 this phenomenon will be discussed qualitatively by an electrostatical
analysis of the corresponding equivalent circuit. This will tell us under which conditions current can pass through such a single-electron device. To quantitatively describe
the amount of current the so-called orthodox theory is employed in section 2.4.2. Finally, the co-tunneling process will be discussed in section 2.4.3, which is a higher
order transport mechanism that allows current flow even within the Coulomb blockade
regime.

2.4.1. The single-electron transistor
As we have already heard, transport through a small island tunneling coupled to
a source and a drain electrode is suppressed at low temperatures due to Coulomb
blockade. By attaching a third gate electrode, which is only capacitively coupled
to the island, one can shift the island potential and thus switch the device from a
non-conducting to a conducting state. Such a device is referred to as single-electron
transistor and is sketched in figure 2.9.
To analyze the transport properties of a single-electron transistor it is useful to derive
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Figure 2.9.: Schematic illustration of a single-electron transistor (left) and its equivalent
circuit following the notation of [39] (right).
its equivalent circuit shown in figure 2.9. The two symbols on the top represent the
two tunnel junctions with their corresponding capacitances C1,2 and their tunneling
resistances RT 1,2 . The black circle symbolizes the conductive island.
From the equivalent circuit we obtain the charges stored in the capacitors of the
tunnel junctions Q1 = C1 V1 , Q2 = C2 V2 and the charge on the gate capacitance
QG = CG (VG − V2 ). Following the notation of [39] we can write the total charge on
the island as
Q = Q2 − Q1 − QG = −ne + QP
where n is the number of excess electrons on the island and QP is the so-called
background polarization charge. By combining these expressions and solving for V1
and V2 , respectively, one obtains the voltage drop across tunnel junction 1 and 2.
V1 =

1
[(CG + C2 ) V − CG VG + ne − QP ]
CΣ

V2 =

1
[C1 V + CG VG − ne + QP ]
CΣ

Here CΣ = C1 +C2 +CG is the overall capacitance of the island. Now we can calculate
the total electrostatic energy stored in the three capacitors of the equivalent circuit by
multiplying each capacitance C2i with the square of the corresponding voltage and sum
them up.
ES =
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1 
CG C1 (V − VG )2 + C1 C2 V 2 + CG C2 VG2 + Q2
2CΣ

2.4. Single-electron tunneling
To draw an energy balance we also have to consider the work performed by the voltage
sources in moving charges to and from the island. This can be done by evaluating the
time integral over the delivered power.
ˆ
WS =

V I(t) dt = V ∆Q

The total work needed to transfer n2 electrons through tunnel junction 2 is

WS (n2 ) = −n2


CG
C1
eV +
eVG .
CΣ
CΣ

It is important to note that here also the work performed by the gate voltage source
and the charges loaded onto the gate capacitor are included. Similarly the work needed
to pass n1 electrons through junction 1 can be derived.

WS (n1 ) = −n1


C2
CG
eV +
e (V − VG )
CΣ
CΣ

The total energy of the system is obtained from the electrostatic energy minus the
work done by the sources E = ES − WS . The change in total energy caused by a
tunneling event through either junction can now be determined to

∆E1± = E (n1 , n2 ) − E (n1 ± 1, n2 )

e  e
=
− ∓ [en − QP + (CG + C2 ) V − CG VG ]
CΣ
2
±
∆E2 = E (n1 , n2 ) − E (n1 , n2 ± 1)

e  e
=
− ± [en − QP − C1 V − CG VG ] .
CΣ
2

(2.11)

At 0 K temperature it is required that ∆Ei± > 0 for the corresponding tunneling
event to take place. If no gate voltage is applied and QP is zero, this leads to a
current suppression until the bias voltage exceeds the threshold value |V | > CeΣ . This
threshold voltage corresponds to the Coulomb energy needed to charge the island with
one electron and the effect is referred to as Coulomb blockade. When the bias voltage
is increased over this threshold, the current rises in a step-like fashion as more and
more electrons can be simultaneously loaded onto the island. This corresponds to an
opening of new independent transport channels and results in a step-like I-V curve
known as Coulomb staircase. A schematic I-V trace is depicted in figure 2.10.
In a band diagram illustration (figure 2.11) the Coulomb charging energy can be seen
as a gap in the available states on the island. At 0 V bias the Fermi levels of the leads
lie both within this gap and only when the applied voltage is large enough that the
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Figure 2.10.: Schematic illustration of the I-V curve of an asymmetric double barrier
system showing Coulomb blockade around 0 V bias and a Coulomb staircase at higher voltages.
two Fermi levels enclose the next available state, current can flow through the device.

Figure 2.11.: Band diagram illustration of a double barrier system without bias voltage
(left) where Coulomb blockade is present and with a bias larger than the
Coulomb voltage (right).
When the bias voltage is kept constant at a value below VT or at 0 V and the gate
voltage is varied, the potential in the island is electrostatically shifted. As soon as
a state in the island aligns with the Fermi levels of source and drain, tunneling sets
in and the conductance shows a maximum as depicted in figure 2.12. The distance
between two neighboring peaks is e/CG and therefore inverse to the coupling of the
gate electrode.
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The gate voltage labeled with A in figure 2.12 corresponds to the left band diagram
illustration in figure 2.13, where the Fermi levels of source and drain lie between two
states of the island within the gap caused by the Coulomb blockade effect. Gate
voltage B is sketched by the right band diagram and here one state in the island is
aligned to the levels of the electrodes such that tunneling is permitted.

Figure 2.12.: Schematic illustration of the SET conductance as a function of gate voltage showing Coulomb oscillations.

Figure 2.13.: Band diagram illustration showing the gate voltage dependence of the
SET conductance. On the left both Fermi levels are situated between two
island levels and tunneling is prohibited due to the Coulomb blockade,
while on the right one island level is aligned to the Fermi levels and
electrons may tunnel resonantly.
When I-V curves for different gate voltages are collected and their derivatives plotted
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in a 2D color plot, one obtains the so-called stability diagram, which is sketched in
figure 2.14. The dark areas are referred to as Coulomb diamonds and correspond to
a stable configuration of the device where the number of electrons on the island is
constant and no current can flow.

Figure 2.14.: Schematic illustration of the stability diagram for a SET. The dark areas
correspond to a suppressed conduction due to Coulomb blockade and are
called Coulomb diamonds.
The above considerations were only qualitative in a sense that this model only allows
us to determine at which voltages current flow should set in, but it is not capable to
calculate realistic I-V curves. For a more quantitative analysis of the current flowing
through a single electron device, the so-called orthodox theory is introduced in the
next section. During its derivation we will rely on the expressions for energy differences
corresponding to single tunnel events (equations 2.11) we have deduced in this section.

2.4.2. Orthodox theory
The orthodox theory of single-electron tunneling was developed by Averin and Likharev
[7, 76] and its aim is to derive a kinetic equation for the distribution function describing
the charge state of the system. With knowledge of the distribution function it is possible
to calculate e.g. the current through the system. Following the derivation of [39], the
transfer Hamiltonian method is used to describe tunneling through the barriers, which
was already introduced in section 2.3.3. Using equation 2.10 for the case of a double
barrier system, the tunneling rate through junction j is given by
Γ±
j =


2π X
|Tif |2 f (Ei ) [1 − f (Ef )] δ Ei − Ef + ∆Ej± .
~ k ,k
i
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Here ki stands for the initial and kf for the final state, respectively. The δ-function
accounts for the change in total energy ∆Ej± due to the tunneling event, which was
discussed in section 2.4. By summing over all combinations of initial and final states
the overall rate through the junction is obtained.
The sums over ki and kf can be converted into integrals over E by introducing the
density of states D(E) for the corresponding sides of the junction. If we assume a weak
energy dependence of the tunneling matrix element T and the density of states D, we
can take them both outside of the integrals. Furthermore the delta function reduces
the two integrals to one and the tunneling rate through junction j becomes
Γ±
j

2πe
|T |2 DjL DjR
(V ) =
~

ˆ

∞



dE f (E) 1 − f E + ∆Ej± .
ECm

By inserting the Fermi function the integration can be performed analytically.
Γ±
j

∆Ej±
1
(V ) = 2
e Rtj 1 − e−∆Ej± /kB T

It is important to note that ∆Ej± is of course depending on the number of charges
on the island as can be seen from equation 2.11. On the other hand, the tunneling
rate Γ in turn influences the charge distribution on the island.
To analyze this situation a distribution function ρ (n, t) for the charge state of the
island is introduced. It represents the probability to find the system in a state with n
charges at a given time t. The change of one charge state of the island depends on the
tunneling rates bringing the system from a different state into that particular state and
on the rates bringing it out-off the state. Thus the time derivative of the distribution
function ∂ρ/∂t can be written as a function of the corresponding tunneling rates times
the distribution itself.





X

∂ρ (n, t)

+
−
+
−
=
Γj (n − 1)ρ(n − 1, t) + Γj (n + 1)ρ(n + 1, t) − Γj (n) + Γj (n) ρ(n, t)
∂t
|
{z
} |
{z
}
j=1,2
in−scattering

out−scattering

This kinetic equation for the distribution function is often referred to as master
equation. For the steady state the time derivative becomes zero. Furthermore the
exchange rates between 2 different states have to cancel, which leads to a first order
difference equation [3]

 +

 −
−
Γ1 (n) + Γ+
2 (n) ρ(n) − Γ1 (n + 1) + Γ2 (n + 1) ρ(n + 1) = 0
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with the following solution:
 Q∞

Qn−1
+
+
−
−
i=−∞ Γ1 (i) + Γ2 (i)
i=n+1 Γ1 (i) + Γ2 (i)
Q
 Q

ρ(n) = P
∞
j−1
∞
+
+
−
−
j=−∞
i=−∞ Γ1 (i) + Γ2 (i)
i=j+1 Γ1 (i) + Γ2 (i)

(2.12)

The tunneling rates and therefore also ρ depend on the bias voltage V . To numerically calculate ρ(n, V ) one can either solve the infinite matrix equation Γρ = 0 or
evaluate expression 2.12. In either case one has to determine or guess which states are
relevant, as it is not possible to numerically calculate infinite sums and products. This
can be a non-trivial task for complex systems but is relatively easy for the double barrier case. Details on the numerical implementation of the orthodox theory calculations
performed in this work can be found in appendix A.1.
With the knowledge of ρ(n, V ) the current is given by
I(V ) = e

X

+
Γ−
j (n, V ) − Γj (n, V ) ρ(n, V ).
n

Here one can either use the first or the second junction for j. With this theory an
I-V curve can be calculated for a set of given device parameters. Figure 2.15 shows five
curves calculated for different background polarization charges QP , which is equivalent
to applying different gate voltages to the device. As parameters for the calculation
tunneling resistances of 0.9 GΩ and 0.1 GΩ and capacitances of 2.5 aF and 0.28 aF
were used for junction 1 and 2, respectively.
From the plot one can see that the device is in a non-conducting state around 0 V
bias if QP = 0. The flat plateau around 0 V is due to the Coulomb blockade. If the
bias voltage is increased, the current shows a Coulomb staircase behavior. When a
background polarization charge of e/2 is present, the device exhibits conductance even
at 0 V bias. The calculation was performed for a temperature of 4 K. For higher
temperatures the Coulomb blockade and Coulomb staircase features start to smear out
and at high enough temperatures one obtains ohmic behavior with a resistance of the
two tunneling resistances in series.

2.4.3. Co-tunneling
Up to now we have only considered first order perturbation, which corresponds to
one electron tunneling through one junction at a given point in time. As electrons
tunnel one after another, this is called sequential tunneling and normally dominates
transport. However, in the regime of the Coulomb blockade higher order processes may
become important, especially for low tunneling resistances. In this regime “classically”
no electron may tunnel through either junction, because this would charge the island
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Figure 2.15.: I-V curves for different background polarization charges calculated with
the orthodox theory.
and increase the electrostatic energy of the system. Considering higher order processes,
one electron may tunnel into or out off the island occupying a so-called virtual state
of higher energy, temporarily breaking energy conservation. If the same or a different
electron leaves or enters the island within a very short period of time, such that the
system goes back to a state of lower energy again, the overall process conserves energy.
This phenomenon was explained with the jail-top-ocean-model by Averin [46, 8] and
it is possible due to quantum fluctuations of the macroscopic variable Q being the
charge on the island. An electron is allowed to spend some time (∆t ' ~/∆E) in the
forbidden state due to Heisenberg’s uncertainty principle [46]. During this period of
time either the same electron or a different electron may tunnel out off or into the
island such that the combined charge transfer process conserves energy. The rate for
this second order process is thus something like the rate or probability for an electron to
tunnel into the island times the probability for the same or another electron to tunnel
~
.
out of it again within an appropriate period of time ∆E
Γ(2) ' Γ(1)

~ (1)
RK
Γ ' Γ(1)
∆E
Rt

Here ∆E is the Coulomb charging energy that has to be borrowed to occupy the
virtual state, which can be estimated to be e2 /2CΣ and is exactly calculated with
equations 2.11. In the limit under consideration the tunneling resistance Rt is much
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larger than the fundamental resistance RK = h/2e2 and therefore the co-tunneling rate
is much smaller than the sequential tunneling rate. The whole process may be elastic
if the same electron enters and leaves the island (2.16, left) or inelastic if a second
electron with a different energy is involved (2.16, right). The term co-tunneling refers
to the inelastic process, which typically dominates except for very low voltages and
temperatures [39, 46], whereas the elastic process is often called macroscopic quantum
tunneling of charge (q-mqt). Because of its higher relevance, only the co-tunneling
process is discussed in more detail below.

Figure 2.16.: Energy diagram of elastic (left) and inelastic (right) higher order tunneling processes. In the right diagram an electron-hole-pair is excited on the
island.
Let us look at a situation where one electron tunnels into the island occupying a state
above the Fermi level EF and another electron with an energy below EF tunnels out
off it leaving an “electron-hole-pair”. Note that the order of the tunneling events may
also be reverse. The rate for a process leading from an initial state i to a final state f
can be calculated using a Fermi’s golden rule treatment for higher order transitions
[46]
Γ=

2π
|< i|M |f >|2 δ (Ei − Ef )
~

(2.13)

with the matrix element
< i|M |f >= T

(1)

T

(2)



1
1
+
E2 − E1 + ∆E1 E4 − E3 + ∆E2


.

Here T (j) is the tunneling matrix element for junction j, ∆Ej is the energy difference
associated with the corresponding tunneling event and Ej are the participating enrgy
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levels in the leads and on the island. The two energy denominators reflect the fact that
the process becomes less likely as more enrgy has to be borrowed.
For the total rate one has to sum the “partial” rates 2.13 over all possible states
Ej with their probabilities f (E1 ) and [1 − f (E2 )] of being occupied and unoccupied,
respectively. By further expressing the absolute value of the tunneling matrix element
and the densities of states D in terms of the junction resistance Rtj
−1
Rtj
=

4πe2 (j) 2
T
D0 Dj ,
~

the total rate at T = 0 becomes [46]

~
Γ=
3
2πe Rt1 Rt2

"

2
∆E1 ∆E2
1+
eV ∆E1 + ∆E2 + eV



!
X

ln (1 + eV /∆Ei )

#
− 2 V.

i=1,2

By balancing the forward and backward tunneling rates I(V ) = e [Γ(V ) − Γ(−V )],
the total current due to inelastic co-tunneling can be calculated even for non-vanishing
temperatures.

~
Iin =
2
12πe Rt1 Rt2

1
1
± +
∆E1
∆E2±

!2



(eV )2 + (2πkB T )2 V

Here ∆Ej± are again the changes in electrostatic energy due to tunneling of an electron through junction j in either direction (see equations 2.11). At low temperatures
the term (2πkB T )2 vanishes and the current has a power-law dependence V 3 in voltage.
This dependence has been experimentally observed by Geerligs et al. [42] in metallic
tunnel junctions.
Inelastic co-tunneling discussed in this section is an incoherent process, whereas elastic macroscopic quantum tunneling of charge (q-mqt) is coherent and electron motion
within the island becomes important [46]. Therefore the shape of the island plays a
prominent role and interference of the wave functions has to be taken into account. The
quantitative treatment of this goes beyond the scope of this work and can be found in
reference [46].
To conclude this section it might be worth mentioning that co-tunneling is a limiting
factor for the usability of the single-electron tunneling effect and therefore considered
undesirable.
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2.5. Quantum dots
The orthodox theory of single-electron tunneling, which was derived in section 2.4.2
to describe the transport properties of SETs, is based on the assumption of a constant
density of states (DOS) in the energy range of interest. For SETs with metallic islands
this assumption is met quite well, but if semiconductors are used as island material, a
non-constant DOS might have to be considered. Due to a much larger Bohr radius in
semiconductors (aB ' 100Å for GaAs), the discreteness of the kinetic energy  becomes
comparable to the Coulomb charging energies EC .
The discrete energy levels and the corresponding density of states of such quantum
dots (QDs) is discussed in section 2.5.1. If a QD is used as conducting island in a SET
device, this discrete DOS will also manifest itself in the transport properties of the
device. This effect will be analyzed in section 2.5.2. Furthermore, this manifestation
implies the opportunity to characterize a QD (and also a molecule) by performing
transport measurements, which will be considered in section 2.5.3.

2.5.1. Discrete energy levels and density of states
Basic quantum mechanics tells us that an electron confined to a 1D box leads to discrete
states with quantized energies. For a box with length L and infinitely high potential
barriers, the solution to Schrödinger’s equation for the single-particle wave functions ψn
is
r
ψn =

 nπx 
2
sin
L
L

with the corresponding energy eigenvalues
~2 π 2 2
n.
2mL2
This can be extended to a three-dimensional box with the dimensions Lx , Ly and Lz
in a straightforward manner.
n =

nx ,ny ,nz

~2 π 2
=
2m



n2y
n2x
n2z
+
+
L2x L2y L2z



Here nx , ny and nz are independent quantum numbers. This result tells us that the
confinement energy of a quantum dot will roughly scale with one over its size squared.
However, for a more accurate calculation of the energy levels of the QDs used in this
work, two further aspects have to be taken into account. First, the dots are rather
spherical than a rectangular box, and second, they don’t have infinitely high barriers.
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For a spherical potential well the problem can be separated into an angle-dependent
Y and a radial R part [86].
ψ (~r) = Rnl (r) Ylm (ϑ, ϕ)
The solutions to the angular equation are the spherical harmonics well known from
the hydrogen eigenvalue problem
2

~ Ylm (ϑ, ϕ) = ~2 l (l + 1) Ylm (ϑ, ϕ)
L

l = 0, 1, 2, ...

m = −l, −(l − 1), ..., 0, 1, ..., +l.

Lz Ylm (ϑ, ϕ) = ~mYlm (ϑ, ϕ)

The orbital angular momentum quantum number l is a positive integer and the
magnetic quantum number m is an integer between −l and l. The remaining radial
Schrödinger equation is then


~2
− ∗
2m



2 d
l(l + 1)
d2
+
−
dr2 r dr
r2




+ V (r) R(r) =  R(r).

(2.14)

For infinitely high potential barriers the equation can again be analytically solved
and the solutions are
r
Rnl (r) =

2 jl (knl r)
a3 jl+1 (knl a)

with knl being the nth null of the Bessel function jl and a the radius of the QD. The
corresponding energy eigenvalues are
nl =

2
~2 kln
.
2m∗ a2

For a finite potential well

V (r) =


−V

r≤a

0

a>a

0

the Schrödinger equation has to be solved in the corresponding regions. For r < a,
inside the potential well, the solution
Rl (r) = al jl (k0 r)
has the form of a spherical Bessel function jl , as already seen in the infinite barrier
(+)
case. For r > a, within the barrier region, the solution is give by Hankel functions hl
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(+) (+)

Rl (r) = αl hl

(iκr) .

Next, the boundary conditions (the wave function must be continuous, and continuously differentiable) have to be applied at the discontinuity of the potential (r = a), as
already done in section 2.3.1 to calculate the transmission through a rectangular barrier. For problems with finite potential walls this typically leads to a transcendental
equation where no analytical solutions are available. In our case this wave matching
leads to a distinct secular equation for each value of l. For l = 0 the energy levels
satisfy
k0 cot (k0 a) = −κ
while for l = 1 the states are determined by
k2
(κa + 1) = ka cot (ka) − 1.
κ2
Both secular equations can either be solved numerically or by graphical methods.
By applying a numerical solution the first 6 energy levels for a CdSe quantum dot
embedded in an infinite ZnS matrix were calculated and are plotted as a function of
dot radius in figure 2.17.
From the diagram it can be seen that for large dots the electron energy is about
-1.55 eV, which is the conduction band offset between CdSe and ZnS and corresponds
to the depth of the potential well. For decreasing dot radii the energy levels rise similar
to a 1/r2 dependence and eventually reach 0 eV. Above 0 eV, obviously no more bound
states may exist.
Alternatively, the energy levels and also the wave functions of a spherical QD can be
calculated by directly solving the radial equation, extending the matrix method in [120]
to the radial equation. The details for this numerical method are given in appendix
A.2. In figure 2.17 the results obtained with this matrix method are plotted as solid
lines for comparison with the data from the secular equation method.
The plot shows that both methods virtually yield the same results. This comparison is important to validate the correctness and performance of the matrix method.
Compared to the conventional secular equation method, the matrix method is much
more flexible and allows for an arbitrary radial potential. This will later be utilized in
chapter 5.3.1 to calculate the energy states of a core/shell quantum dot.
In semiconductor QDs not only electrons but also holes are confined and exhibit corresponding energy levels, which can be calculated analogously. To distinguish electron
and hole levels, the upper indices e and h are introduced. Often the energy scale is
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Figure 2.17.: Calculated electron energy levels for a CdSe quantum dot as a function
of dot radius. The levels plotted as points were calculated with the secular equation method, while the solid lines were obtained by the matrix
method.
chosen such that the hole levels start from 0 in negative direction while the electron
levels are positive and set off by the band gap Eg . The electron and hole states together
with their wave functions are sketched in figure 2.18.
For the transport properties of a QD its density of states (DOS), meaning the number
of states within an energy interval dE, is of interest. The above considerations about
the discrete QD level spectrum would result in a DOS consisting of a comb of delta
functions
X
dN
=
δ (E − nl ) .
D (E) ∝
dE
n,l
However, these delta functions are broadened due to the uncertainty principle and
a limited lifetime of the corresponding states. Assuming an exponential decay of the
excited states, the energy level broadening might be described by Lorentz functions,
which are the Fourier transform of the exponential decay.
∆nl
X1
2
D (E) ∝
2
π
(E − nl ) +
n,l


∆nl 2
2

Here ∆nl is the width of the peak in the DOS associated with the state with the
quantum numbers n and l. Besides this intrinsic broadening also other mechanisms
may influence the lineshape. A broadened density of states corresponding to the energy
levels in the sketched QD is also shown in figure 2.18.
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Figure 2.18.: Sketch of a semiconductor QD with its discrete energy levels (left) and
the corresponding density of states (right).

2.5.2. Quantum dots as conducting island
Now that we know the level spectrum of the quantum dot and the corresponding density
of states, we are in the position to analyze its transport properties if used as island in
a SET device. The total energy of such a QD coupled to two electrodes and charged
with n electrons and p holes is [85]
E ({ni } , {pi }) =

X
i

ni ei −

X

pi hi +

i

e2
C1
eV (p − n) +
(p − n)2 .
CΣ
2CΣ

Here ei and hi are the single-particle energy levels for electrons and holes as calculated
in the previous section. The change in total energy of the system caused by a tunneling
event into or out of electron state i through either junction is
∆E1± (n, ei ) = ∓ei +


e  e
− ∓ [en + C2 V ]
CΣ
2

∆E2± (n, ei ) = ∓ei +


e  e
− ± [en − C1 V ] .
CΣ
2

If the tunneling event involves a hole state, the change in energy can be calculated
analogously using the corresponding hole energy level. Assuming that relaxation rates
are much faster than the tunneling rates, electrons and holes remain in equilibrium and
the occupation of their energy levels n,h can be described by the following distribution
function [6]
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gn (k ) =

X

F k , k1 , ..., kn−1



(2.15)

k1 ,...,kn−1

with F (k1 , ..., kn ) being the equilibrium Gibbs distribution for a configuration
k1 , ..., kn .


1

Pn



exp − kB T i=1 ki


Pn
1

exp
−
k
i=1 i
k1 ,...,kn
kB T

F (k1 , ..., kn ) = P

When kB T is much smaller or larger than the average interval between the eigenenergies k , gn () coincides with the Fermi distribution function f () [6]. Another way
of dealing with the distribution on the dot is to directly set it to the target parameter
later on in the master equation. This allows one to even calculate situations governed
by a non-equilibrium distribution [15], but is beyond the scope of this work.
The tunneling rate for an incident lead electron in state k through junction j into a
QD state i is again given by Fermi’s golden rule
Γjk→i =


2π
|Tik |2 f (Ek ) [1 − gn (i )] δ Ek − ∆Ej+ (n, i ) .
~

Here, the probabilities f for the lead state being occupied and [1 − g] for the dot
state being unoccupied, are already taken into account. To obtain the overall tunneling
rates one has to sum over all discrete quantum dot states i and integrate over all quasicontinuous lead states k (again using the density of states D). By evaluating the
integral via the delta function, the rates for tunneling into (Γ+ ) and out of (Γ− ) the
island become
Γ+
j (n) =

X

2π
Dk
|Tik |2 f Ej+ (n, i ) [1 − gn (i )]
~
i

Γ−
j (n) =

X


2π
Dk
|Tik |2 1 − f Ej+ (n, i ) gn (i )
~
i
±
Γ± (n) = Γ±
1 (n) + Γ2 (n).

Again, as for the metallic islands, these transition rates determine the time evolution
of a distribution function ρ (n, t) describing the charge state of the system. The master
equation for ρ is formally identical to the one in the metallic case:

∂ρ (n, t)
= Γ+ (n − 1)ρ(n − 1, t) + Γ− (n + 1)ρ(n + 1, t) − Γ+ (n) + Γ− (n) ρ(n, t)
∂t
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As already discussed in section 2.4.2, for the steady state the equation simplifies to
Γ+ (n)ρ(n) − Γ− (n + 1)ρ(n + 1) = 0.
When ρ(n) is known, the current may again be calculated with
X

+
Γ−
(n,
V
)
−
Γ
(n,
V
)
ρ(n, V ).
j
j

I(V ) = e

n

Figure 2.19 shows a set of exemplary I-V curves calculated with this approach. As
spectrum for the simulations the electron and hole states of a 6 nm CdSe quantum dot,
obtained by the matrix method introduced in the previous section, were assumed. The
capacitances C1 and C2 were chosen to be 0.33 aF and 0.0033 aF, respectively. The
overall tunneling resistance of the system was 1 GΩ and distributed over the junctions
in three different ways giving rise to the three different I-V curves shown in the plot.
A ratio R1 /R2 of 99 leads to a completely filled quantum dot, the inverse configuration
leads to an empty dot and a symmetric arrangement of R1 = R2 to an intermediate,
rather complex situation.
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Figure 2.19.: I-V curves for a 6 nm CdSe quantum dot calculated for different tunneling
resistance ratios. A ratio R1 /R2 of 99 leads to a full QD (red), 1/99 leads
to an empty dot (green) and 1 to an intermediate situation (blue).
The steps on the left side of the current gap correspond to transport through the
hole states of the dot while the steps on the right are connected to the electron states.
As we will see in the next section, the I-V curve of the empty dot is dominated by
steps occurring each time the Fermi level of electrode 2, which is scanned with respect
to the dot, passes an energy level making it available for transport. For the full QD,
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the curve is characterized by steps which coincide with the energy needed to charge
the dot with an additional carrier. If a degenerate state is only partially occupied, the
energy to add another electron is given by the Coulomb energy, otherwise the energy
needed to reach the next state in the spectrum has to be additionally spent. In the
symmetric case both types of steps are more or less pronounced giving rise to a rather
complex curve.
Because of the many parameters which enter into the simulation, it is not feasible
to fit an experimentally measured curve with this model. Instead, the measured data
needs to be analyzed manually to make an educated guess on at least some of the
parameters. If the most important parameters are extracted, I-V curves may be calculated numerically. By comparing the results to the measurements, the manual analysis
can be verified. The following section gives a rough guideline on how to systematically
analyze I-V curves and their derivatives, respectively.

2.5.3. Tunneling spectroscopy on QDs
As we have seen in the previous section, the density of states of the island has a
prominent influence on electrical transport in SET systems. This not only allows one
to tailor a QD’s electronic properties to suit the demands of a desired SET device, but
it also provides the opportunity to obtain information about the DOS of the object
used as island. This object is not necessarily a QD, but it may also be a single molecule,
as long as it provides states for the transport.
If a scanning tunneling microscope (STM) is used to realize such a characterization,
this technique is referred to as scanning tunneling spectroscopy (STS). In principle it
is also possible to use static nano-electrodes instead of a STM to perform the measurements. The advantage would be that the setup is mechanically more stable and that a
gate electrode may be attached at the price of being not as flexible. While in optical
spectroscopy only transitions from the valence band (VB) to the conduction band (CB)
are observed, tunneling spectroscopy can probe VB and CB states separately.
To obtain information about the DOS of an object of interest, I-V curves are measured and numerically differentiated or their derivative is measured directly with a
lock-in technique. The interpretation of such tunneling spectra is a non-trivial task as
not only the DOS but also the capacitances and tunneling resistances as well as the
background polarization charge influence the shape of the I-V curves. Also the interplay between single-electron charging and resonant tunneling through the states of the
QD is important, because it can provide information about degeneracy and symmetry
of energy levels [13].
In the following paragraphs some rules on how to interpret I-V traces are collected:
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Tunneling spectra of islands with quasi constant DOS
If no discrete energy levels are present and the density of states is more or less constant in the energy range of interest (like in larger metallic islands), the I-V traces
show equidistant steps corresponding to the Coulomb charging energy EC as already
discussed in section 2.4.
Influence of the capacitance distribution
In case of an asymmetric arrangement of the junction capacitances (e.g. C1 << C2 ),
the applied bias voltage basically drops at the tunneling barrier associated with the
smaller capacitance. The position of the Fermi level of the electrode with the larger
capacitance is fixed with respect to the states in the island while the Fermi level of
the other electrode is scanned. Therefore, the spacings between peaks in the spectrum
directly represent the separation of energy levels in the system.
However, if C1 and C2 are of the same order, the voltage division V1 /V2 = C2 /C1
affects the positions at which steps occur in the I-V curves. As a consequence, the
distance between peaks in the tunneling spectra does not coincide with the real level
spacing in such a case. The measured peak separation is larger than the real spacing
by a factor of [13]
VB /V1 = (1 + C1 /C2 )
for C1 < C2 , which reaches a maximum of 2 if C1 = C2 .
The Fermi level position with respect to the gap
Another parameter influencing the shape of a tunneling spectrum and in particular the
width of the current gap is the position of the Fermi level at 0 V bias with respect to
the level structure of the QD. It can be situated midgap or somewhere closer to either
the conduction or the valence band states. Its position is for example affected by the
background polarization charge and may also be adjusted by means of a gate electrode.
It determines the energetic distance to the first accessible level and hence the voltage
of current onset.
Interpretation of the current gap
Different combinations of the two factors above give rise to current gaps ∆V ranging
from 0 to theoretically more than twice the quasiparticle gap, which is given by
EGQP = e1 − h1 + 2EC .
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e(h)

Here 1 denotes the electron (hole) ground states [85] and EC is the Coulomb
charging energy. In the following, four extreme cases will be discussed.
• When the Fermi level is situated midway between the electron and hole ground
state and the capacitances are distributed very asymmetrically, the current gap
∆V around 0 V bias is proportional and close to the quasiparticle gap EGQP with
η = C1 / (C1 + C2 ) being a measure for the asymmetry [85].
e∆V =

EGQP
η

This situation is depicted in figure 2.20 (A I).
• If EF is located midgap and the capacitances C1 and C2 are comparable, ∆V can
become as large as twice the QD band gap plus charging energies as illustrated
in figure 2.20 (A II). In addition, the spectra will be relatively symmetric, as at
negative biases the Fermi level in one electrode scans through the electron states
of the island while the other scans through the hole states and at positive voltages
vice versa.
• When the Fermi level is located in the vicinity of one of the band edges, we
can again distinguish two cases. If the setup is asymmetric with respect to the
voltage drop, the current gap will again be approximately the quasiparticle gap
e1 − h1 + 2EC , but this time very asymmetric with respect to 0 V bias (see
figure 2.20 (B I)).
• On the other hand, if the setup is now symmetric in the capacitances, ∆V can
be much smaller than the QD band gap, as for small positive as well as negative
voltages the Fermi level of one of the electrodes will reach the near band edge.
Again one would expect a rather symmetrical spectrum for the reasons mentioned
above. The situation is sketched in figure 2.20 (B II).

Influence of the tunneling resistances
Two more parameters which influence transport are the tunneling resistances R1 and
R2 . Their distribution over the two junctions determines the degree of charging in the
dot [13].
• If R1 >> R2 and assuming that C1 << C2 , electrons tunneling through junction J1 leave the QD through J2 before the next electron tunnels through J1
and therefore no charging takes place. As a consequence, a peak will occur in
the tunneling spectra every time the Fermi energy of electrode 1 aligns with an
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Figure 2.20.: Influence of the Fermi level position with respect to the island states, (A)
midgap and (B) band edge, as well as the effect of an asymmetric (I) and
a symmetric (II) capacitance distribution.
excited CB level, which then becomes accessible for electron transport. These
so-called excitation peaks dominate the spectra for this configuration [85]. For
the first peak in the spectrum appearing at a voltage V1 always the energy for
both charging and accessing the first state has to be provided. In case of an
empty dot the second peak occurs at a voltage VB when the energy separation
∆CB to the next CB level is additionally spent (figure 2.21, top).
eVB = eV1 + ∆CB
• On the other hand, if R2 >> R1 , charge may accumulate on the island and
prohibit multiple occupation of a degenerate state due to Coulomb interaction.
In this case a new transport channel is opened every time the Coulomb charging
energy EC is additionally provided and a peak in the spectrum appears. In this
configuration the most visible peaks correspond to opening of new charge states
and are referred to as addition peaks [85]. The second peak in the spectrum will
appear at a voltage VB with a spacing to the first peak (V1 ) corresponding to the
Coulomb energy EC (figure 2.21, bottom).
eVB = eV1 + Ec
In a very asymmetric capacitance configuration one side of the tunneling spectrum
corresponds to transport through electron the other side through hole states. Depend-
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R1>>R2:
eV1

eV1+ΔCB

R1<<R2:

eV1

eV1+EC

Figure 2.21.: Influence of the tunneling resistance distribution on transport [13]. Top:
A configuration where the tunneling resistance associated with the junction, where most of the applied bias voltage drops, is limiting transport,
leading to an empty dot. Bottom: Opposite configuration resulting in a
filled QD.
ing on the resistance ratio R1 /R2 both parts of the spectrum are characterized either
by a full or an empty quantum dot. In a symmetric capacitance configuration, where
on either side of the spectrum one of the electrode Fermi levels reaches the same set of
states, one side of the tunneling spectrum is dominated by the excitation peaks while
the other side is an addition spectrum of the same states. If R1 and R2 are of the
same order, the spectrum shows excitation as well as addition peaks, which makes the
interpretation of these complex curves a challenging task.
Interpretation of conductance peaks
The electron ground state of a quantum dot is s-like and often reported to be twofold
degenerate [13]. Therefore a tunneling spectrum will show two peaks separated by the
Coulomb energy EC if the configuration of tunneling resistances does favor charging,
while only one peak is pronounced if no charging is present.
The first excited state is assumed to be p-like and fourfold degenerate. This corresponds to four peaks with EC spacing if charging is present. The separation between
the second (ground state) and third (excited state) peak in the spectrum is given
by the charging energy EC plus the interlevel spacing ∆CB modified by the voltage
division ratio η. If charging is suppressed, again only the first of the four peaks is
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pronounced [13].
In all of the above considerations it was assumed that additional charges neither
substantially change the single particle levels nor the tunneling barriers and capacitances. This is of course not always completely fulfilled and one can see that due to
the complex situation it will not always be possible to unambiguously determine the
islands energy levels.

2.6. Spin-dependent transport
Despite the degeneracy of quantum dot levels we have so far neglected the spin property
of electrons in our consideration. As we will see in section 2.6.1, the spin also affects
electronic transport. These magnetoresistive effects can be utilized to implement a
new class of devices, often referred to as spintronics. One example for such a device
based on the spin property is the quantum dot spin valve discussed in section 2.6.2. To
experimentally realize this type of devices one needs to be able to inject spin-polarized
electrons into a quantum dot and control this spin-polarization. A way to achieve this
is by using shape anisotropy as detailed in 2.6.3.

2.6.1. Tunneling magnetoresistance - Julliere model
The influence of the electron spin on transport manifests itself in a multitude of so-called
magnetoresistive effects. Therefore it is reasonable to first clarify what is understood
by magnetoresistance. It is defined as the change in resistance R when a magnetic field
B is applied with respect to the resistance without field and normalized to it.
M R (B) =

∆R
R(B) − R(0)
=
R(0)
R

As already mentioned, there is a whole range of magnetoresistive effects such as the
anisotropic magnetoresistance (AMR), the giant magnetoresistance (GMR), the colossal magnetoresistance (CMR), the ballistic magnetoresistance (BMR) and the tunneling magnetoresistance (TMR). For this work mainly the tunneling magnetoresistance
is of relevance and that is why this effect is now discussed in more detail.
To tackle the TMR it is necessary to introduce the spin polarization
P =

N↑ (EF ) − N↓ (EF )
.
N↑ (EF ) + N↓ (EF )

Here N↑↓ (EF ) denotes the electron concentration of the corresponding spin type
at the Fermi level. In a band ferromagnet like nickel spin polarization is caused by
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the exchange interaction of electrons, which energetically favors electrons with parallel
spins. This is well described by the Stoner-Wohlfarth model [57, 47]. Assuming for the
beginning an equal band structure for spin up and spin down electrons with a common
Fermi energy (figure 2.22 (a)), electrons below the Fermi level of one spin type will
spontaneously populate free states above the Fermi energy of the other spin type as
shown in figure 2.22 (b). This rearrangement is energetically possible as long as the
gain in kinetic energy is compensated by reduced exchange energy. In turn, states of
this now majority spin type are energetically preferred and hence the corresponding
band is shifted to lower energies. Figure 2.22 (c) illustrates such a d-band splitting. It
can be seen from the sketch that the density of states at the Fermi energy now differs
for the two spin orientations, which corresponds to a non-vanishing spin polarization.
For nickel this spin polarization is about 20 % [18]. The type of spins constituting the
majority can be adjusted by an external magnetic field.

(a)

(b)

(c)

Figure 2.22.: Schematic of d-band splitting in transition metals due to exchange interaction: initial situation with equal spin distribution (a), spontaneous
rearrangement of spins (b) and resulting band splitting (c).
If two ferromagnetic electrodes are separated by a tunneling barrier, the tunneling
rate depends on the spin polarization of the electrons. This can be explained in the
so-called two spin-channel current model [48]. If the magnetization of the electrodes
is parallel, the tunneling rate for majority spins is very large, while the rate for minority carriers is very small. For the antiparallel case, spin up electrons are majority
carriers in one electrode but minority ones in the other electrode and vice versa. The
corresponding tunneling rates are both larger than that of the minority carriers in the
parallel case, but still much smaller than the majority ones. Hence the sum of the rates
is less than in the parallel case, which leads to a higher resistance in the antiparallel
than in the parallel configuration.
The tunneling magnetoresistance can be defined as
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T MR =

RAP − RP
RP

where RP and RAP are the tunneling resistances for parallel and antiparallel spin
alignment of the electrodes, respectively.
To refer the TMR to the spin polarization of the electrodes, the Julliere model [61]
is employed. It is based on the assumptions that the spin of electrons is conserved
during the tunneling process and that the tunneling conductance is proportional to the
spin-dependent DOS in both electrodes. With these assumptions the conductance for
parallel magnetization of the electrodes can be written as
1
(1 + P1 P2 ) .
2
For the conductance of an antiparallel configuration one correspondingly obtains
GP ∝ a1 a2 + (1 − a1 ) (1 − a2 ) =

1
(1 − P1 P2 ) .
2
In both expressions a1 and a2 are the fractions of tunneling electrons in electrode 1
and 2 with magnetic moments parallel to the electrode magnetization. They can also
be expressed in terms of the respective spin polarization P .
GAP ∝ a1 (1 − a2 ) + (1 − a1 ) a2 =

ai =

Ni↑
1 + Pi
=
Ni↑ + Ni↓
2

With this the tunneling magnetoresistance takes the following form:
T MR =

GP − GAP
2P1 P2
RAP − RP
=
=
RP
GAP
1 − P1 P2

In the parallel case a voltage V results in a high number of occupied majority carriers
on one electrode with a corresponding high number of free states on the opposite
electrode with the same spin, as depicted in figure 2.23 (a). In the antiparallel case on
the other hand, the high number of occupied majority carriers in one electrode see a
small number of free states on the other electrode and the small number of minority
carriers see a large number of free states, which results in a reduced conductance
(figure 2.23 (b)).
In this model a spin polarization of 100 % would even lead to zero conductance and
an infinite tunneling resistance. For transition metals and alloys TMR values up to
50 % were experimentally obtained. Calculating the TMR for two nickel electrodes
with a spin polarizations of 20 % results in a value of about 8 %.
Furthermore, the Julliere model predicts an always positive TMR, which is in contradiction to experiments that also show a negative tunneling magnetoresistance [130,
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(a)

(b)

Figure 2.23.: The two spin-channel model: schematic of majority and minority carrier
densities for parallel (a) and antiparallel (b) spin polarization in the leads
and the resulting TMR effect [48].
73, 106, 49]. This discrepancy can be explained by a spin-dependent tunneling matrix
element as the assumption that it is independent of the spin only holds for very thick
and high barriers. An enhancement of the Julliere model taking this into account was
given by Slonczewski [108]. For electrodes with intermediate angles of relative magnetization directions this enhanced model also predicts that the conductance should
follow a square cosine function of the enclosed angle.
G (θ) − GAP
2P1 P2
=
cos2
GAP
1 − P1 P2

 
θ
2

2.6.2. Quantum dot spin valve
As we have seen in the previous section, tunneling rates depend on the spin of the
electron if the electrodes are ferromagnetic. This effect can be utilized to extend a
single-electron transistor to become a spintronic device called quantum dot spin valve.
Therefore the nonmagnetic conducting island has to be coupled to two ferromagnetic
electrodes. In such an arrangement the electron transport depends on the relative
magnetization angle between the two electrodes.
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If a bias voltage is applied to the device, electrons are injected from one electrode
into the quantum dot. As the electrons coming from that electrode are spin polarized
in a direction n1 , more electrons of spin direction n1 than of −n1 will tunnel into the
island. To leave the island through junction 2, electrons are favored if their spin is
aligned parallel to the magnetization direction n2 of lead 2. As a consequence, the
charge current leads to a spin accumulation with direction n1 − n2 on the island. The
spin, in turn, acts back on the current via the TMR and inhibits transport. This effect
is referred to as spin blockade [25].
Furthermore, an exchange interaction arises from the coupling between the electrons
on the QD and the spin polarized leads. This exchange field can be interpreted as
an effective magnetic field, which leads to a precession of the accumulated spin. This
precession reduces the TMR and hence the spin blockade effect.
The overall transport is determined by a complex interplay between charge and spin.
The spin dynamics may be studied by means of electrical transport measurements,
while an external magnetic field or a gate voltage can be used to manipulate the system.
For a theoretical description the orthodox theory is no longer sufficient. To treat the
system either a generalized master equation approach including a spin-dependent term
[25, 23] or a non-equilibrium Green’s function method [78] is used. These theories are
beyond the scope of this work, but their results are briefly reviewed in the paragraphs
below.
First the influence of the relative magnetization angle between the two leads on the
device’s conductance in the linear-response regime is analyzed (see figure 2.24). As one
would expect, the conductance has a maximum for parallel magnetization of the two
electrodes and a minimum for the antiparallel case. The φ-dependence follows from
the exchange interaction between the island electrons and the spin polarized electrodes
and directly reflects the accumulated spin [24]. The shape of the curve and the width
of the minimum depends on the position of the QD energy level used for transport
with respect to the Fermi level, and can therefore be manipulated by a gate voltage.
Next, the current-voltage characteristic of a QD spin valve is discussed. As one can
see in figure 2.25 (a), the general shape of the I-V curve for an antiparallel configuration
does not deviate from that of a conventional single-electron transistor. However, the
height of the steps and thus the absolute current through the device depends on the
magnitude of the polarization. A higher spin polarization causes increased spin accumulation on the dot and hence a stronger spin blockade. For 99 % spin polarization
the current is almost completely blocked.
For relative magnetization angles between 0° and 180° and in particular for 90°, which
is plotted in figure 2.25 (b), also the shape deviates from that of a conventional SET.
Here a negative differential conductance in the I-V traces is predicted, who’s amplitude
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Figure 2.24.: QD spin valve: dependence of the linear conductance on the relative
magnetization angle of the two electrodes. The three curves correspond
to different positions of the QD level with respect to the Fermi energy
(illustration by M. Braun [24], reprinted with permission).

again depends on the degree of spin polarization. The dip in the I-V curve is caused by
two competing effects. On the one hand, the charge current causes spin accumulation
on the dot and hence spin blockade leading to a reduction in current. On the other
hand, the exchange field, which is a function of the applied bias voltage, causes spin
precession. This, however, leads to a reduction of the spin blockade and therefore an
increase of the conductance. At the current minimum this exchange field completely
vanishes [24].
This distinct feature in the I-V curve would provide a good signature to experimentally test the theory. But, as one can see from the plot, a very high degree of spin
polarization seems to be necessary to clearly identify this effect.
One further knob to turn is an external magnetic field. Like the exchange field, this
would also introduce a spin precession. By the precession the spin blockade is lifted,
which results in an increased conductance at higher fields, as depicted in figure 2.26.
The curve can be analytically described by a Lorentzian and its width is directly related
to the decoherence time τs of the spin on the island [24].
Despite the sophisticated theoretical description, experimental realizations of this
type of devices are still rare. Some experimental results on or related to quantum dot
spin valves were demonstrated in references [18, 87, 99, 91]. One key ingredient for an
experimental implementation is the ability to adjust the magnetization and therefore
the spin polarization of the two electrodes individually. One approach to this challenge
is the use of shape anisotropy, which will be explained in the next section.
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Figure 2.25.: QD spin valve: calculated I-V curves for different spin polarizations and
relative polarization angles (illustration by M. Braun [24], reprinted with
permission).
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Figure 2.26.: QD spin valve: influence of an external magnetic field on the linear conductance of the device. From the line width the spin decoherence time τs
is obtained (illustration by M. Braun [24], reprinted with permission).
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2.6.3. Shape anisotropy
As outlined in the previous section, spintronic devices such as a QD spin valve demand
electrodes where the relative magnetization can be adjusted individually, e.g. by an
external magnetic field. This can, for example, be achieved by using two electrodes
of different ferromagnetic materials with different coercive fields. At high external
magnetic fields the electrodes will have a parallel magnetization, but when the field
is swept to the opposite sign, the magnetization of the two electrodes will switch at
a different threshold field strengths. Thus the electrodes change from a parallel to an
antiparallel and back to a parallel configuration, as shown in figure 2.27.

Figure 2.27.: Schematic magnetization curves for two electrodes with different coercive
fields illustrating the switching between a parallel and an antiparallel
configuration.

Unfortunately, it is technically very difficult to realize electrodes of two different
materials with a separation of only a few nanometers. One alternative approach to
obtain leads with different switching fields is to fabricate electrodes of the same material
but with different geometries. The effect utilized in this approach is called magnetic
shape anisotropy.
Magnetic anisotropy refers to the part of the free energy of a ferromagnet, which
depends on the direction of its magnetization. It has two major contributions, the
magnetocrystalline anisotropy and the already mentioned shape anisotropy. Expanding
the anisotropic part of the free energy into a power series of the direction cosine (e.g.
up to second order) it can be written as [111]
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Eaniso

= K1 cos (θ)+K2 cos (θ)+K3 cos (θ)+... ∼
=
2

4

6



2 Ks
Kshape + Kv +
cos2 (θ)+...
d

Ki denote the phenomenological anisotropy coefficients with K1 being the integral and Kshape , Kv and Ks being the shape, volume and surface magnetocrystalline
anisotropy constants. The volume magnetocrystalline anisotropy is caused by spinorbit interaction while the surface anisotropy is due to a broken symmetry at the
interface. The origin of shape anisotropy is the magnetic dipole-dipole interaction and
it corresponds to the stray field energy which is a function of the shape of the magnet.
The corresponding anisotropy constant can be written as [44, 111]
1
Kshape = − µ0 M 2
2
with the saturation magnetization M .
For thin ferromagnetic films a magnetization in-plane is typically more favorable
than a magnetization perpendicular to the film and for long wires the easy-axis typically coincides with the axis of the wire. It is obvious that shape anisotropy also
influences the coercive field of a magnet. Thus, two ferromagnetic electrodes of the
same material and with different shape may have a different switching field. This results in a set of equivalent magnetization curves to the ones depicted in figure 2.27
and makes the electrodes usable for spintronic applications. An experiment employing
shape anisotropy for a magnetic tunnel junction was already demonstrated by Pasupathy et al. [92]. However, for arbitrarily shaped electrodes no analytic solutions are
available and numeric micromagnetic simulations are needed to predict their magnetic
behavior.

66

3. Quantum dot preparation
As we have seen in the previous chapter, one essential ingredient to fabricate SET
devices is an island with a very small capacitance and hence nanometer size. Despite
the small size the island has to provide electronic states which are necessary to store
charges on it. In the first single-electron experiments small metallic grains [28, 102] or
metallic electron-beam lithography structures [41, 67] were employed for this purpose.
However, it is also possible to use semiconductor quantum dots [66] or single molecules
[74, 68] to satisfy these requirements. This work was focused on semiconductor QDs,
whose discreteness of states offers one additional device parameter.
Two different methods to fabricate and assemble semiconductor QDs have been investigated. On the one hand, silicon QDs were prepared by etching into a silicon-oninsulator (SOI) substrate utilizing a self-assembled colloidal etch mask, as described in
section 3.1. On the other hand, colloidal CdSe QDs with a ZnS shell were attached to
gold electrodes by linker molecules (section 3.2). Both methods were established with
the aim to built SET devices, but they can also be used for other purposes.

3.1. SOI-based silicon QDs
Silicon QDs were fabricated starting from a silicon-on-insulator (SOI) substrate. Therefore the substrate was covered with a self-assembled gold colloidal etch mask and the
top silicon layer was etched with a reactive ion etching (RIE) process. Finally the
gold etch mask was removed with a wet chemical etch. An overview of the fabrication
process is given in figure 3.1.

(a)

(b)

(c)

(d)

Figure 3.1.: Schematic overview of the fabrication process for SOI-based silicon QDs:
SOI substrate (a), self-assembly of gold colloids (b), RIE process (c), and
gold etch (d).
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3.1.1. SOI substrates
Silicon-on-insulator (SOI) substrates are available in two different types. One type is
fabricated with the so-called separation by implantation of oxygen (SIMOX) technology, where oxygen is implanted into a silicon wafer at a defined depth and converted
into silicon oxide by annealing. This buried oxide (BOX) layer insulates the top silicon
layer from the rest of the wafer.
The other type is prepared with a wafer bonding technique (UNIBONDT M ). Therefore one wafer is oxidized until the desired BOX thickness is reached. Then hydrogen is
implanted into the silicon under the oxide layer at a depth corresponding to the desired
top silicon thickness. Next, the oxidized side of wafer is bonded onto a second handle
wafer. Finally, the implanted hydrogen forms a layer of bubbles at which the surplus
silicon of the oxidized wafer is cleaved off (SmartCut) leaving behind a thin SOI layer.
For this work SIMOX wafers with SOI thicknesses of 50 and 83 nm as well as a
UNIBONDT M wafer with an initial SOI thickness of 70 nm were used. The buried
oxide (BOX) had thicknesses of 375, 145 and 145 nm, respectively. It was found that
the quality, homogeneity and uniformity of the SIMOX wafers was insufficient and
therefore the UNIBONDT M wafer was used for all later experiments.
As the thickness of the top silicon layer of 70 nm was to large, it had to be thinned
to an appropriate value. For this purpose an isotropic CF4 plasma etcher (Plasma Lab
µEtch) was employed. Typical process parameters are given in table 3.1 and resulted in
a reflected RF power during the process of typically 3 W. Before and after the process
a 1 min O2 plasma was applied to clean the sample surface before the etch and form a
thin oxide layer on the thinned silicon afterwards.
Table 3.1.: Process parameters for the CF4 plasma used to thin the SOI substrates.
Parameter
CF4 flux
RF power
Process pressure

Value
40 sccm (20 %)
15 W (5 %)
100 mTorr

The etch rates for the process were determined by using partially masked reference
samples and measuring the etch depth by AFM (DI NanoScope Dimension 3100) as
well as with a profilometer (Tencor AlphaStep 200). Figure 3.2 shows etch depths
measured for different samples and with different methods. It can be seen from the
diagram that depending on the sample and the characterization method, there is a big
variation in the measured etch depth. For this reason a linear regression was applied
to the most relevant data points and with it the etch time for a desired SOI thickness
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was determined. Starting from the 70 nm thick SOI substrate, etch times of 4:14, 6:00
and 7:09 minutes were used to obtain SOI thicknesses of 50, 32 and 20 nm. With etch
time the color of the substrate changed from purple to reddish gold to dark blue when
all top silicon was removed.
100

021-5 & 9 (AFM)
019-9b, c & d (AFM)
019-9b, c & d (α-Step)
019-7 & 8 (AFM)
019-7 & 8 (α-Step)
018-2b & 6b (α-Step)
Silicon samples
Linear fit
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Figure 3.2.: Etch depth as a function of the etch time for the CF4 plasma with 20 %
flux and 5 % RF power at a chamber pressure of 100 mTorr. Data points
for different samples and analysis methods together with a linear fit to the
most relevant samples are shown.
It was found that the subsequent self-assembly of gold colloids described in the next
section would not work properly if directly performed after the thinning procedure.
For this reason the samples were kept under ambient conditions for at least 24 hours
to recover a native oxide layer before being further processed.

3.1.2. Self-assembly of colloidal etch mask
To fabricate quantum dots from the thinned SOI substrates, an appropriate etch mask
was needed. One possible approach to obtain mask structures of the desired size was
electron beam lithography (EBL), but this is a very expensive and time consuming
technique. Instead self-assembly of commercial gold colloids was used for this work,
as this is a very cost-efficient method and the colloids are available in various sizes.
Furthermore, these sizes extend into regions not accessible with EBL at the moment.
For self-assembly of the colloids a method introduced by Sato et al. [102] based on
the aminosilane molecule [3-(2-aminoethylamino)propyltrimethoxysilane] (APTS) was
used. Therefore the SOI substrates were immersed into APTS diluted in deionized
water (1:2000) for 5 min and subsequently baked at 120 °C on the hot plate for 30 min.
During this procedure the silane groups of the APTS molecules replace the hydroxyl
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(−OH) previously adsorbed on the native SiO2 , forming a siloxane bond. The amino
group is thereby extended away from the SOI surface as sketched in figure 3.3 (a).

NH2
Au

NH

APTS
Si

Repulsion

OOO
SiO2

Au

Au

Au

Si
1 µm

(a)

(b)

Figure 3.3.: Schematic illustration of the APTS-based self-assembly process of gold
colloids according to Sato et al. [103] (a) and an AFM scan of the colloidal
etch mask after self-assembly (b).
Thereafter the samples were immersed into a solution of gold colloids of desired size
for 24 hours. Depending on the SOI layer thickness particles with diameters of 100,
50 or 20 nm have been used in the experiments. The commercial gold colloids from
British Biocell International came in an aqueous solution and were stabilized by a
citrate ligand shell.
When the gold colloids in the solution approach the sample surface, some of their
stabilizing citrate ligands are substituted by the extended amino group of the APTS
molecules bound to the substrate and thereby immobilized. The coverage of the gold
particles on the surface increases with the immersion time, but saturates at some
density as the negatively charged particles repel each other. After rinsing and drying
the gold particles had arranged in a sub-monolayer, which then served as an etch mask
in the following reactive ion etching (RIE) process. An AFM scan of a sample covered
with a sub-monolayer of 50 nm gold colloids is shown in figure 3.3 (b).

3.1.3. Reactive ion etching of QDs
To obtain separated silicon quantum dots the SOI layer had to be etched away selectively everywhere except below the gold particles. For this purpose reactive ion etching
(RIE) with CF4 gas as etchant was employed for its anisotropic behavior. The reactor
used for the process was a Plasma Lab µP and a typical range of process parameters
applied for the QD fabrication is given in table 3.2.
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Table 3.2.: Process parameters for the anisotropic CF4 reactive ion etch used to form
the QDs.
Parameter
CF4 flux
RF power
Process pressure
DC bias voltage

Value / range
20 sccm (20 % of mass flow controller)
37.5 ... 75 W (10 ... 20 %)
ca. 38 mTorr
40 ... 130 V

For the RF power two settings with 37.5 W (10 %) and 75 W (20 %) were tested.
Thereby it was found that the process was very unstable if the RF power source was
set to only 10 % of its maximum power and therefore all later samples were etched with
20 %. The chamber pressure was kept as low as possible during the process to achieve a
maximum anisotropic etching behavior and typically settled to about 38 mTorr. Under
the above conditions the DC bias voltage, which is responsible for the reactive ions to
be accelerated onto the sample surface, adjusted to 40-70 V for 10 % RF power and
to 120-130 V for 20 % RF power. The reflected RF power typically lay between 5 and
15 W.
The etch rate of the process was again determined with partially masked reference
samples measured with AFM or a profilometer. In figure 3.4 the etch depths measured
for different samples is plotted as a function of etch time. To the data of a preliminary
test series a linear fit was applied and with it the required etch times were calculated.
For the 20 % RF power setting an etch rate of approximately 13 nm/min was obtained.
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021-1, 4 & 8 (AFM)
021-19a & b (AFM)
021-16 (AFM)
Linear fit

120

Etch depth (nm)

100
80
60
40
y = a•x + b
a = 13.3 nm/min
b = -6.2 nm
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Figure 3.4.: Etch depth as a function of the etch time for the CF4 RIE process with
20 % flux and 20 % RF power. Data points for different samples together
with a linear fit to the data of a preliminary test series are shown.
Since the reactor was driven at the lower end of its RF power capabilities, the
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matching network responsible for coupling the RF into the plasma did not always
couple with the same efficiency, which resulted in a relatively high variability in the
bias voltage and the etch rate. As a consequence, partially masked reference samples
were usually processed in parallel to confirm that the SOI layer was really etched down
to the buried oxide and an additional etch step was performed if necessary. For samples
with a 50 nm thick SOI layer and 50 nm gold colloids an etch time of 5:15 minutes
yielded good results.
After the RIE process the samples were investigated with a scanning electron microscope (SEM). The SEM micrograph in figure 3.5 (a) shows a 50 nm SOI sample with
50 nm gold colloids after the RIE process where the etch mask is still on top of the
silicon dots.

(a)

(b)

Figure 3.5.: SEM micrographs of a 50 nm SOI sample with 50 nm gold colloids after
reactive ion etching where the colloidal etch mask is still on top (a) and
after etch mask removal (b).
After the RIE process the gold mask was removed with a wet chemical etch in an
aqueous I2 KI solution. The final result was a sample with individual silicon QDs on
an insulating SiO2 layer as shown in the SEM micrograph in figure 3.5 (b). With this
method quantum dots with dimensions of 50 nm height and diameter as well as 20 nm
height and diameter were fabricated. Additionally quantum discs with a diameter of
nominally 100 nm and a thickness of about 30 nm were prepared.

3.1.4. Characterization of QDs by TEM
To check whether we have actually obtained crystalline silicon quantum dots, some
samples were investigated with transmission electron microscopy (TEM) after etch
mask removal. In order to image single quantum dots with the TEM, a preparation
method called small angle cleavage technique (SACT) [79] was applied.
First the [100] oriented samples had to be polished from the backside to reduce the
substrate thickness to about 100 µm. Then a precision diamond knife was used to
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cut the samples into stripes along the {120} plane of the silicon crystal. Next, these
stripes were cut into 18.43° wedges by cleaving the crystal along the {110} plane. For
energetic reasons this procedure forms a sharp tip bounded by the cleaved {120} plane,
a {111} plane and the {100} sample surface with the QDs [79]. The wedges were then
attached to a TEM grid with a special glue such that one looks at a cross section of
the sample. At the tip of the wedges the sample is so thin that single quantum dots
can be investigated. The preparation and the TEM investigation have been carried
out at the Electron Microscopy Group of Materials Science of the University of Ulm
by Christian Zaubitzer and Sören Selve.
In figure 3.6 TEM micrographs taken from a sample with nominally 50 nm quantum
dots are shown. The overview TEM image shows several silicon QDs on top of the
buried oxide layer. In the two magnified images below the crystalline structure of
the silicon core of the dots can clearly be seen. This is an important information as
thinning the SOI substrate and performing the reactive ion etch could potentially have
destroyed the crystalline structure. The quantum dots have a cylindric shape with a
height of roughly 40 nm and diameter of also 40 nm. Furthermore, the bottom right
image shows the interface to the buried oxide layer. Here one can see that the top
silicon layer was really etched down to the BOX.

5 nm

10 nm

Figure 3.6.: TEM images of 50 nm SOI-based silicon quantum dots. An overview showing several dots (top), one single QD (bottom left) and the top silicon buried oxide interface (bottom right).
The silicon quantum dots are supposed to be covered by a native oxide layer, which
is typically a few nanometers thick. From the TEM images the oxide layer seems to be
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on the order of 5 nm. Some of the oxide could also be due to sputtering effects during
the RIE process rather than grown by natural oxidation. There could also be residual
glue from the sample preparation which could not be clearly distinguished from the
amorphous silicon. Therefore the information on the tunneling oxide obtained from
this TEM investigation is limited.
Figure 3.7 shows the TEM results for 20 nm QDs. On the left side the bright field
image of a 20 nm QD is given whereas on the right a 2D Fourier transform of the
indicated area is shown. In the FFT image one can see four distinct peaks which
correspond to the {111} reflexes of the silicon crystal. The size of the QD is roughly
17 nm.

FFT
Si

10 nm

Figure 3.7.: TEM analysis of a 20 nm silicon quantum dot. The bright field image
(left) and a reduced FFT image (right).
The TEM results for the SOI nanodiscs are given in figure 3.8. The sample for this
investigation was prepared by Carsten Waltenberg at the Carl Zeiss SMT AG with a
focused ion beam (FIB) system. On the left a bright field image of a silicon nanodisc
on top of the 110 nm thick buried oxide layer is shown. Below the BOX the silicon
substrate can be seen. On the right a magnified view of the disc together with a reduced
FFT image of its core is depicted. The FFT image shows two reflexes corresponding
to the {022} plane of silicon indicating a crystalline disc. The discs are about 38 nm
thick and have a diameter of 95 nm.
Besides the silicon dots and discs also gold residues were found on some of the
samples. In figure 3.9 (a) a bright field (BF) image of a 50 nm QD is printed next to
its dark field counterpart. The dark spots in the bright field correspond to the bright
areas in the dark field image. The bright color in the dark field image marks a large Z
value and indicates the presence of gold. In the BF image of the 20 nm QD (3.9 (b))
a brighter crystalline part in the center can be seen in between two darker crystals.
As the reduced FFT analysis in (c) shows, the bright lattice belongs to the silicon QD
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FFT
022

100 nm
Figure 3.8.: TEM micrographs of a silicon quantum disc: an overview bright field image
(left) and a magnification with a reduced FFT image inset (right).
while the dark part shows a gold peak. The gold is most probably a residue of the
colloidal etch mask. One reason why the gold was not removed during the I2 KI etch
might be that it was covered by a protection layer deposited during the RIE process
by sputtering of silicon oxide.
BF

BF

DF (z-contrast)

FFT
Au
Si

20 nm

(a)

5 nm

(b)

(c)

Figure 3.9.: TEM micrographs showing gold etch mask residues: Bright and dark field
image of a 50 nm QD (a), bright field image of a 20 nm QD (b), and a
reduced FFT analysis of it (c).
From the TEM investigations we can conclude that we were able to fabricate crystalline silicon quantum dots on an amorphous silicon oxide surface. The quantum
dots were intended to be individually contacted with nano-electrodes as described in
section 4.2.6 and used as an island in SET devices. As the dots are still quite large,
no quantization effects are expected to be observable. Nevertheless the dots will be
referred to as quantum dots in the following chapters. If the technique is extended to
10 nm dots or smaller in the future, confinement effects will start to play an important
role.
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3.2. Colloidal CdSe/ZnS-QDs
As second approach, colloidal quantum dots were attached to gold electrodes by linker
molecules. The QDs used for this work had a CdSe core and a ZnS shell and they
were produced by Colin Heyes and Vladimir Breus from the Biophysics Department
at the University of Ulm. A short summary of their fabrication process is given in
section 3.2.1. These QDs were then self-assembled onto gold electrodes with a technique
described in section 3.2.2. In section 3.2.3 the QDs are characterized by transmission
electron microscopy (TEM) and photoluminescence (PL) spectroscopy.

3.2.1. Synthesis of colloidal QDs
The preparation of CdSe/ZnS-core/shell QDs consists of two steps. In the first step
the CdSe core has to be grown and in a second step the core is covered with the ZnS
shell.
For the CdSe core synthesis Colin Heyes and Vladimir Breus employed the methods
of Talapin et al. [115] and Peng and Peng [93]. Therefore cadmium oxide was used
as precursor, dissolved in stearic acid and heated to about 200 °C. Then a solution of
trioctylphosphine oxide (TOPO) and hexadecylamine (HDA), acting as coordinating
solvents to stabilize the cadmium ions in reverse micelles, was injected into the reaction
mixture and the temperature was further increased to 310 °C. At this temperature a
solution of selenium in trioctylphosphine (TOP) was injected while quickly stirring.
The rapid injection raises the precursor concentration above the nucleation threshold
and a chemical reaction between the Cd and Se ions leads to immediate nucleation
and subsequent growth of CdSe nanoparticles. After a short nucleation burst the
supersaturation is partially relieved and as long as the consumption of precursors by
the growing colloidal nanocrystals is not exceeded by the rate of precursor addition to
the vessel, no further nucleation will take place. This growth from solution is followed
by an Ostwald ripening phase where individual nanocrystals coalesce and form larger
QDs. The nucleation and growth sequence is sketched in figure 3.10. By taking aliquots
after different time intervals, QD samples with different sizes can be obtained. The
quantum dots were then dispersed in cold toluene. More details about the synthesis
process can be found in reference [27] and [26].
In the second step the CdSe dots were capped with a ZnS shell. Therefore the
uncapped quantum dots were mixed with TOPO and HDA and heated to 165 °C.
At this temperature a Zn-S injection solution consisting of diethylzinc (Zn(C2 H5 )) in
toluene and hexametyldisilathiane (HMDST) in TOP was added in a dropwise fashion.
The amount of Zn and S precursors needed for capping the CdSe dots depends on the
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Figure 3.10.: Illustration of the nucleation and growth process for the CdSe core synthesis in the framework of the La Mer model (after Murray et al. [82]).
size of the core and the desired shell thickness and can be calculated by the required
increase in volume [27].
In this work quantum dots with a CdSe core of about 3 nm diameter and a ZnS shell
of nominally 8 monolayers (ML) were used. The overall diameter of the core/shell QDs
was about 8 nm.

3.2.2. Attachment of QDs to gold electrodes
The colloidal quantum dots provided by Colin Heyes and Vladimir Breus were dissolved
in toluene. To be contacted by nano-electrodes or for integration into a device the QDs
had to be dispersed onto a substrate. For SET devices additionally a controlled barrier
to the electrodes is needed. One method to achieve this is by utilizing chemical linker
molecules such as hexanedithiol [66].
The hexanedithiol molecule is an alkane chain with two thiol (−HS) groups at its
ends. These thiol groups are known to have a strong affinity to gold and form selfassembled monolayers (SAMs) on it [31]. Thereby one of the thiol groups binds to the
gold surface while the other one is directed away from it. When the so functionalized
surface is now exposed to the QD solution, these extended thiol groups may substitute
some of the QD’s stabilizing ligand molecules and thus immobilizing the quantum dots.
Besides attaching the QDs the hexanedithiol molecules with their length of 1.2 nm also
provide a well defined tunneling barrier. A self-assembled hexanedithiol monolayer on
a pair of gold electrodes as well as a SET configuration where one QD is bound to both
electrodes are schematically shown in figure 3.11.
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Figure 3.11.: Schematic illustration of a self-assembled hexanedithiol monolayer on a
pair of gold electrodes (a) and a SET configuration with one CdSe/ZnSQD bridging both electrodes (b).
In the experiments samples with gold electrodes or nanowires predefined by electron
beam lithography (see section 4.1) were cleaned in a N2 plasma. Then the samples
were immersed into a 123 mM hexanedithiol solution in isopropanol for 24 hours.
After rinsing with isopropanol and drying with nitrogen the samples were placed in
a quantum dot solution for 5 days. Before immersing the samples the QD solution
was heated to 140 °C until it was clear to dissolve conglomerates of dots. For the QD
1
solution different dilutions from pure to 100
of the original aliquot were tested. The
1
best results were obtained for a dilution ratio of 10
. After 5 days the samples were
taken out of the solution, rinsed with toluene and dried with nitrogen. Finally the
samples were characterized with an atomic force microscope (AFM). An exemplary
measurement is shown in figure 3.12.

Figure 3.12.: AFM scan of CdSe/ZnS core/shell quantum dots self-assembled onto a
predefined gold nanowire with hexanedithiol linker molecules.
The scan shows a predefined gold nanowire with side gate electrodes onto which the
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CdSe/ZnS quantum dots were self-assembled. All over the yellowish metal structure
one can see little bright spots corresponding to the attached QDs. The larger bumps
are due to the roughness of the metal film.
In this case the quantum dots were deposited onto a gold nanowire which was subsequently broken by a controlled electromigration process (see chapter 4.2) to yield two
separated electrodes with a distance below 5 nm. The idea behind this procedure is
that after electromigration a QD might end up between the two emerging electrodes
bound to either of them with one or more hexanedithiol molecules as depicted in figure 3.11 (b). The opposite approach is to first break the nanowire or use any other
method to fabricate a pair gold electrodes with sub-5 nm separation and only then
deposit the QDs. This strategy has the advantage that the nano-electrodes can be
electrically characterized before the QD deposition which may be taken as reference
for the measurements with dots. The downside is, however, that sample cool down
and surface energy relaxation processes of the nano-electrodes may modify the system
between reference characterization and actual measurement. Hence, the value of such
a reference measurement is questionable and the probability to fabricate a working
device is reduced. Therefore the preferred sequence for this work was QD deposition
before breaking the electrode.

3.2.3. Characterization of QDs with TEM and optical
spectroscopy
After synthesis of the CdSe core and after capping with a ZnS shell the quantum
dots were investigated with a transmission electron microscope (TEM) to analyze their
size and the size distribution [27]. Furthermore, optical absorption and emission spectroscopy was used to investigate the electronic structure of the quantum dots.
For the TEM measurements the QDs were dispersed onto a carbon-coated copper
grid [26]. Two exemplary TEM images of uncapped and capped QDs are shown in
figure 3.13 (a) and (b), respectively. From such TEM images size histograms, as shown
in figure 3.13 (c), were extracted.
In the histogram the blue bars depict the occurrence of uncapped CdSe QDs with
corresponding diameter. The distribution is nearly Gaussian and centered around
roughly 3 nm. The width of the distribution is on the order of 1 nm. Therefore we
conclude that the CdSe cores of our particles have a diameter of about 3 nm.
The red bars correspond to the capped QDs. As expected, the distribution is shifted
to larger diameters, but it is also much broader than that of the uncapped dots. The
shown distribution has its maximum at about 6.5 nm diameter, which corresponds to
a ZnS shell of 5 monolayers (ML). The quantum dots used in this work had a slightly
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a)

c)

b)

Figure 3.13.: TEM images of (a) uncapped and (b) capped CdSe quantum dots and
(c) the corresponding size distribution histograms (from [27], reproduced
with permission).
thicker shell of 8 ML with an expected size of about 8 nm.
For further characterization the QDs were analyzed by means of optical absorption
and emission spectroscopy [27, 26]. The results from optical spectroscopy are of particular importance as they provide information about the confinement energies of the
QDs that may be compared to electrical measurements and simulation data. For the
emission spectra an excitation wavelength of 500 nm was used. Both, emission and
absorption measurements are shown in figure 3.14.
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Figure 3.14.: Room temperature absorption (dotted lines) and emission (solid lines)
spectra of uncapped (blue) and capped (red) CdSe quantum dots (from
[27], reproduced with permission).
The emission spectra of uncapped and capped CdSe quantum dots show a relatively
narrow symmetric peak. The peak position of the uncapped QDs is located at 540 nm
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while the peak of the capped dots is red-shifted by about 13 nm [27]. Both peaks
correspond to the transition from the electron ground state to the hole ground state
of the quantum dots. For the capped dots the transition is shifted to lower energies
as the wave functions can penetrate into the ZnS shell and are therefore less localized.
The energy gap between electron and hole ground state is about 2.24 eV, whereas the
bandgap of bulk CdSe is only 1.74 eV [59]. The additional 502 meV of the QD energy
gap are the sum of electron and hole quantization energies. As the quantization energy
is approximately inverse proportional to the effective mass, the electron confinement
energy can be estimated to 390 meV while the hole part is only about 113 meV. In this
estimation the different band offsets for electrons of 1.55 eV and for holes of 0.66 eV
are not yet considered, which is expected to even slightly increase this asymmetry.
For comparison, the calculated ground state quantization energies for a CdSe core of
2.4 nm radius with a 2 nm ZnS shell are 402 meV and 114 meV for electrons and holes,
respectively. The width of the peaks in figure 3.14 is caused by the size distribution of
the QDs.
In the absorption spectra the ground state transition is also visible, but Stokesshifted to lower wavelength. Again the spectra of uncapped and capped QDs are offset
by about 13 nm. In principle, absorption measurements also show transitions of excited
levels as the absorbance has a local maximum each time the wavelength of the incident
light matches with a transition in the dot. The strength of the transition depends on
the corresponding matrix element. In figure 3.14, with fantasy, one might perceive
some more features at higher energies, but there are no clear peaks. This is most
probably due to the fact that the measurement was performed on an ensemble of QDs
with the size distribution described above. As the position of the energy levels strongly
depends on the size of the dots, peaks of individual QDs will average out.

81

4. Electrode fabrication
In order to make nano-objects, such as the quantum dots discussed in the previous
chapter, actually usable for nano-electronics, they need to be electrically contacted
and integrated into a device. Therefore nano-electrodes with a separation of only
a few nanometers are necessary. Besides giving us the ability to contact individual
QDs, nano-electrodes have a wide range of additional applications, like e.g. molecular
electronics, and show interesting properties themselves. For that reason a large fraction
of this work was spent to establish fabrication techniques for nano-electrodes.
A whole range of different approaches can be found in literature and in the following
a short overview of the most prominent ones is given. The most obvious and straight
forward way to fabricate nano-structures is electron beam lithography (EBL) discussed
in section 4.1. It is a well established technique and very flexible, but it is also time
consuming and expensive. Furthermore its resolution is at the moment limited to about
10 nm. Therefore different alternative approaches have been investigated in the past
decade.
In this work two alternative approaches were examined and established. The controlled electromigration method is based on the usually undesired electromigration
effect in conductors at high current densities as explained in section 4.2. With it a predefined metal nano-wire is opened to yield two separated electrodes with nanometer
separation.
The second technique is based on electrochemical deposition and it is dealt with in
section 4.3. Here two initially separated electrodes were grown together by depositing
metal onto the electrode templates. The conductance between the electrodes was used
to monitor the process and to achieve electrode separations in the nanometer range.
There is a variety of other techniques for nano-electrode preparation mentioned in
literature. Beside scanning probe methods [12, 94], which have a completely different
application scenario, the mechanically controllable break junction (MCJB) technique
is the most prominent candidate. Here initially connected electrodes are patterned
onto a flexible substrate and then broken by bending the substrate with a mechanical
mechanism [123, 98, 104]. The mechanical displacement ratio allows one to adjust the
electrode distance in the sub-nanometer range. The disadvantage of this method is a
high experimental effort as well as severe limitations in the device integration.
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4.1. Electron beam lithography
Electron beam lithography (EBL) is the standard technique to write nano-patterns.
Together with evaporation and a lift-off process it was used to fabricate the nanoelectrodes for this work. The process parameters were optimized to yield a minimum
electrode separation as outlined in section 4.1.1. In section 4.1.2 the resolution achieved
with this recipe and the resulting electrode gap is analyzed. Even though the minimum
separation was still about 10 nm, electron beam lithography served as the basis for both
alternative approaches. In the electromigration experiments EBL was used to pattern
the required metal nano-wires, whereas electrode templates with a separation of about
200 nm were prepared for electrochemical deposition. In both cases a similar recipe as
for the nano-electrodes was used.

4.1.1. Fabrication process
The basis of electron beam lithography is a resist sensitive to irradiation with high
voltage electrons which is used to cover the substrate. By irradiating the resist with a
focused electron beam its chemical structure is locally modified. When then developed
with an appropriate agent, the resist is removed in either the irradiated or the unirradiated areas, depending on the type of resist and the developer. If the exposed area is
cleared the resist is said to be positive otherwise negative. The resulting resist structure can either be used as an etch mask or as template for a lift-off process as done in
our experiments. Therefore metal is evaporated onto the partially covered sample and
subsequently removed from the areas which were masked with the resist. As electron
beam writing is a time consuming process and the metalization thickness is limited by
the thin resist layer used for nano structures, the nano-electrodes were then contacted
in a second, conventional lithography step. An overview of the fabrication process is
sketched in figure 4.1 a) to f). The resolution of the process is thereby limited by
the spot size of the focused electron beam as well as by the grain size and the layer
thickness of the resist. The process was used to pattern separated nano-electrodes and
metal nano-wires as depicted in the SEM micrographs in figure 4.1 g) and h).
Resist
For the experiments two different high resolution positive electron beam resist stacks
based on polymethyl methacrylate (PMMA) were employed. A thin bilayer resist was
optimized for extremely small structures while a thicker stack was used for patterns
in the micrometer range when a thicker metalization layer was desired. In both cases
two resist layers with different sensitivity to electron irradiation were used to obtain
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a)
b)

g)

c)
d)
e)

h)

f)
Figure 4.1.: Schematic overview of the EBL nano-electrode fabrication process: a) Substrate, b) PMMA bi-layer resist spin-on, c) exposure and development,
d) evaporation of metal, e) lift-off, and f) contacting with standard photolithography. SEM micrographs of a contact pair g) and a metallic nanowire h) fabricated with this process.
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an undercut profile, which is necessary for the subsequent lift-off process.
The parameters used for the nano resist stack are compiled in table 4.1. To obtain
the desired undercut profile PMMA molecules of different chain length and respective
molecular weight were deposited, resulting in different sensitivities. First the bottom
layer with lower molecular weight was spun onto the samples. The shorter PMMA
molecules had a molecular weight of 50k (which means 50000 times the proton mass)
and were dissolved in ethyl lactate with a concentration of 4 %. The spin on process
was performed with the parameters given in table 4.1 and followed by a soft bake at
180 °C on the hot plate for 5 min. This resulted in a bottom layer thickness of about
80 nm.
Table 4.1.: Parameters for the bilayer EBL resist used for nanometer sized patterns.
Resist
Solvent
Concentration
Spin on
Bake temperature
Bake time
Thickness

bottom layer
50k PMMA
ethyl lactate
4%
4000 rpm
180 °C
5 min
80 nm

top layer
950k PMMA
ethyl lactate
1%
2000 rpm
180 °C
5 min
40 nm

The top layer consisted of PMMA molecules with a higher molecular weight of 950k.
To deposit the molecules onto the samples they were also dissolved in ethyl lactate
with a concentration of 1%. After spin-on and soft-bake with the parameters given
in table 4.1, the second PMMA layer was about 40 nm thick. According to the resist
data sheets, the 50k PMMA bottom layer is supposed to have a 20 % higher sensitivity
to electron irradiation than the 950k top layer. This resist configuration was used
for all exposures where an ultimate resolution was necessary. The electrode templates
needed for electrochemical deposition were patterned using a slight modification of this
process, which produced a 240 nm thick 50k PMMA bottom layer and a 120 nm thick
950k PMMA top layer (for details see [43]).
For structures with larger dimensions, e.g. the gold bond pads for the magnetic nickel
nano-electrodes or the contact patterns to select individual SOI SETs, a different resist
stack was employed. Here a copolymer PMMA/MA dissolved in 1-methoxy-2-propanol
was used as sensitive bottom layer. With the spin-on parameters given in table 4.2
a layer thickness of 750 nm was achieved. For the top layer again 950k PMMA was
used, but this time with a higher concentration. After the PMMA was spun onto the
samples with 6000 rpm, a 120 nm thick top layer had developed. Because of its specific
chemical properties the copolymer resist has a 3-4 times higher sensitivity compared
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to PMMA. Furthermore, the thick bottom layer allows one to evaporate 300 nm of
metal and more, which was important in some of the experiments to reduce the lead
resistivity.

Table 4.2.: Parameters for the bilayer EBL resist used for larger structures with thicker
metalization.
Resist
Solvent
Concentration
Spin on
Bake temperature
Bake time
Thickness

Bottom layer
Copolymer PMMA/MA
1-methoxy-2-propanol
33 %
3000 rpm
180 °C
5 min
750 nm

Top layer
950k PMMA
ethyl lactate
3.2 %
6000 rpm
180 °C
5 min
120 nm

As the substrates were typically non-conducting, the samples had to be additionally
covered with a thin (3-4 nm) layer of germanium (not shown in the sketch) to avoid a
charge pile-up distorting the electron beam.

Exposure
The samples were then exposed with a Leica EBPG 5 HR electron beam writer. For the
acceleration voltage of the electrons 50 kV and 100 kV was used, where the experiments
with 50 kV yielded better results. With the 50 kV acceleration voltage doses ranging
from 185 µC/cm2 to 1400 µC/cm2 were tried. At a dose of 310 µC/cm2 and below
the samples were underexposed resulting in resist residues in the exposed areas. At
doses over 450 µC/cm2 the structures started to become overexposed, which led to a
rounding effect at corners and ultimately to a short between the nano-electrodes. The
best results were achieved with the parameters given in table 4.3, which were used for
most samples presented in this work. Here the fine electrode tips were written with
a smaller dose than the coarse leads. The minimum spot size of the electron beam
was on the order of 35 nm and the minimum exposed feature size of the machine was
20 nm.
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Table 4.3.: Exposure parameters used for high resolution EBL.
Parameter
Voltage
Dose (fine structures)
Dose (coarse structures)
Spot size
Beam current

Value
50 kV
350 µC/cm2
380 µC/cm2
∼ 35 nm
0.316 nA

Development
After exposure the germanium was removed in H2 O2 diluted in deionized water with
a H2 O2 : DI ration of 1:5. Then the samples were developed using a methyl isobutyl
ketone (MIBK) based developer until the PMMA was removed from the exposed areas.
A summary of the development parameters is given in table 4.4. The degree of development was determined under an optical microscope and typical development times
were on the order of 60 s. As the low molecular weight PMMA has a much higher
development rate than the high weight one, the apertures in the thin top PMMA layer
are underetched yielding the desired undercut as sketched in figure 4.1 c). After development the samples were rinsed in isopropyl alcohol and blown dry with nitrogen.
Finally, PMMA residues on the exposed areas were removed by a 30 s oxygen plasma.
Table 4.4.: Parameters used for germanium removal and resist development.
Parameter
Germanium etch
Developer
Development time
Rinsing

Value
H2 O2 : H2 O (1:5)
MIBK:IPA (1:3)
55-60 s
IPA

Evaporation
For most samples gold was used as electrode material. If gold is directly evaporated
onto silicon oxide, the adhesion is very poor and the structures tend to fall off the
sample. Therefore an adhesion layer of titanium was evaporated onto the silicon oxide
before depositing the gold. Care has been taken that the vacuum was not broken
between the two deposition processes as titanium quickly oxidizes and the adhesion of
gold on titanium oxide is also very poor. For the nano-electrodes typical thicknesses
for the Ti adhesion layer were 3 to 5 nm, while the gold layer was chosen to be between
13 and 25 nm. For the evaporation a Temescal FC1800 electron beam evaporator was
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used. In those areas of the samples previously exposed to the electron beam and cleared
from the resist, the metal was directly deposited onto the silicon oxide surface while in
the other areas the metalization sat on top of the sacrificial PMMA layer as shown in
figure 4.1 d).

Lift-off
In the next step the unwanted metal was removed in a lift-off process. Therefore the
PMMA resist was dissolved in 1-methyl-2-pyrrolidone (1M2P) at a temperature of
180 °C. After a few minutes the metal on top of the resist came off the samples in little
flakes and could be washed away with a syringe leaving the desired metal structures
on the sample surface (see figure 4.1 e)). In case of an incomplete removal of the flakes
ultrasound was used to get rid of the remnants. Afterwards the samples were rinsed
with acetone and isopropyl alcohol and dried with nitrogen. Figures 4.1 g) and h)
show a pair of nano-electrodes and a nanowire, respectively, after the lift-off process.
Additionally, two side gates patterned in the same EBL step are visible. The distance
from the side gates to the center of the electrode gap was 400 nm.

Photolithography and bonding
In order to electrically access the nano-electrodes, the EBL structures were finally
contacted with a standard photolithography step as depicted in figure 4.1 f). The
samples were then glued onto a chip carrier and electrical contact was established with
gold bond wires. A photograph of a chip carrier with bonded sample can be seen in
figure 4.2.

Figure 4.2.: Nano-electrode sample glued and bonded to a chip carrier.
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4.1.2. Characterization and resolution limit
After fabrication the nano-electrodes were characterized by means of scanning electron
microscopy (SEM) and atomic force microscopy (AFM). The AFM proved to be not
appropriate to determine the electrode separation as the dimensions of the tip lay in
the same range as the gap to be analyzed.
The SEM images were taken with a LEO DSM 982 Gemini cold field emitter microscope with a nominal resolution of 2.5 nm at an acceleration voltage of 5 kV. The
actually achieved resolution was slightly lower due to the insulating substrate and
vibration problems. The distance between the electrodes was measured either with
the SEM software on the machine or offline with the image analysis software ImageJ.
Depending on nominal geometry and applied EBL dose electrode separations down to
about 10 nm were achieved. Also electrode pairs with even smaller gaps were observed,
however it was often not clear from the SEM images whether the electrodes were still
separated or already connected for distances below 10 nm.
Figure 4.3 shows a diagram connecting the design electrode distance to the actually measured separation. The data points depicted as circles were all taken from one
sample, while the two triangular data points were obtained from a different sample processed with the same parameters. The inset shows a SEM micrograph of an electrode
pair with a separation of 12 nm. As for all other data shown in the plot, the electrodes
were written with an acceleration voltage of 50 kV and a dose of 350 µC/cm2 . The
nominal separation was 50 nm.

Figure 4.3.: Measured electrode separations plotted against the corresponding design
values. Data obtained from two different samples are shown. Inset: SEM
micrograph of an electrode pair with a measured separation of 12 nm.
As one can see from the diagram, for the circles a minimum electrode separation
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is achieved with a design distance of 40 nm. When the design distance is reduced to
30 nm, the electrodes are already connected. These 30 nm roughly correspond to twice
the spot radius of the electron beam.
For one design distance the measured data points have a spread of a few nanometers
even within one sample. The data points from the second sample show that although
processed under the same nominal conditions an even larger sample to sample variance
is present. Therefore always a range of fields with different nominal electrode separation
was patterned onto one sample and the fields with the desired gap size were chosen
after the lift-off process.
For the nano-wires design widths of 70 and 100 nm were tested. The corresponding
measured wire widths were about 105 nm and 175 nm, respectively. For most electromigration experiments described in this work nanowires with a nominal width of 70 nm
were used. The width variation from sample to sample turned out to be noncritical.
To wrap this section up, it was shown that our electron beam lithography patterning together with the lift-off process is capable of producing nano-electrodes with
separations down to about 10 nm. If electrodes with an even smaller separation are
desired, alternative methods need to be employed. Two of these alternatives, the controlled electromigration and electrochemical deposition, are the topics of the following
sections. The metallic nano-wires and template electrodes needed for these unconventional techniques are typically prepared with the EBL fabrication process outlined in
this section.

4.2. Electromigration
Electromigration has long been known as an undesired effect in integrated circuits
causing device failure due to the movement of material in a conductor at high current
densities. The effect was first discovered in molten alloys of lead-tin and mercurysodium by the French scientist Gerardin in 1861, but it took until the late 1960ies
when the first integrated circuits became available that electromigration was further
investigated by Black and others [56, 22, 16]. One result of this research was Black’s
equation, which describes the mean time to failure (MTTF) of an integrated circuit
due to electromigration as an activated process.
Only recently it was discovered that electromigration can also be used to obtain
nano-electrodes with a separation of less than 5 nm [88, 69, 19, 113, 38, 117]. Therefore
one starts from a thin metallic nano-wire and applies an increasing voltage. At some
threshold voltage electromigration will set in at the narrowest part of the wire, mass
will be removed there and deposited elsewhere. As a consequence the wire eventually
breaks leaving a more or less small gap depending on the process parameters.
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In section 4.2.1 the underlying theory is discussed and consequences for the process
control are drawn. In section 4.2.2 this knowledge is used to establish a controlled
electromigration scheme to reproducibly fabricate nano-electrodes with a separation
of only a few nanometers. Before the nano-wire finally breaks, transport undergoes a
transition from the diffusive to a ballistic regime showing conductance quantization,
which is discussed in section 4.10. After the wire is broken, transport switches further
to the tunneling regime. The properties of these resulting nano-electrodes are investigated in 4.2.4. As also reported in literature, artifacts in the electronic characteristics of
the tunnel junctions may occur due to metallic clusters unintentionally created during
the electromigration process. This problem is addressed in section 4.2.5. Furthermore,
the controlled electromigration was applied to metallic nano-wires patterned onto predefined silicon QDs making use of a self-alignment effect. This aspect is covered in
4.2.6. Finally, the electromigration process was extended to ferromagnetic electrodes
with specific geometries to control the relative magnetization taking advantage of the
shape anisotropy effect (section 4.2.7).

4.2.1. Theory of electromigration
When a voltage is applied to a metallic conductor, the metal atoms are subject to
two different forces. One force, the so-called direct force is caused by the electric field
acting on the positively charged metal ions and pointing in the field direction. The
second force is referred to as electron-wind force and is due to a momentum transfer
from the conduction electrons to the atoms via scattering processes. This force is
directed into the opposite field direction as sketched in figure 4.4 (a). Both forces are
proportional to the electric field and the resulting effective force is the driving force for
electromigration. It can be written as
Feff = Fd + Fw = e Z ∗ E = e Z ∗ ρj
with Z ∗ being the effective ionic charge [52, 77]. This means that due to the momentum transfer from the electrons the atoms behave like if they had a charge Z ∗ . For
noble metals such as Au, Ag and Cu the wind force is typically 5 to 10 times larger
than the direct force and dominates electromigration. Thus Z ∗ is negative and atoms
move in the same direction as the electron flow [77, 121, 117].
The driving force causes the atoms to drift with an average velocity, which is proportional to the electric field and hence to the current density.
vd = µFeff =µeZ∗ ρj
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Figure 4.4.: (a) Schematic illustration of the direct and the electron-wind force in a
metallic conductor and (b) displacement of metal ions due to a resulting
effective force.
The mobility µ describes the interaction of the moving atoms with the static lattice,
which can be interpreted as a friction force that balances the driving force and leads
to a constant drift velocity. It can be expressed in terms of the diffusion coefficient D
via the Einstein relation.
µ=

D0 − kEaT
D
=
e B
kB T
kB T

Diffusion of metal atoms is an activated process and the diffusion coefficient has
an Arrhenius type of dependence on the temperature [56]. Here D0 is the maximum
diffusion coefficient (at infinite temperature) and Ea is the activation energy. Typically,
this activation energy is much higher for atomic motion in bulk material than for motion
on the surface. Hence, in nano-structures the dominant mass flow takes place at grain
boundaries and surfaces [52, 77] and the bulk mass flow can be neglected. For gold the
activation energy for surface diffusion is about 0.12 eV [117].
Substituting the mobility into equation 4.1 and multiplying with the atom concentration c, one obtains an expression for the atom flux J caused by the current density j
[117, 17].
J = cvd = ceZ∗

D0
− Ea
ρj e kB T
kB T

From the equation we see that mass transport depends linearly on the current density
and roughly exponentially on the temperature. On the other hand, one has to keep in
mind that the current density is also coupled to the temperature via Joule heating.
Besides the atomic flux induced by the current there are also other contributors to
the total flux caused e.g. by a concentration gradient, a temperature gradient or by
mechanical stress. It was shown by Blech [17] that the mass transport in aluminum
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films caused by mechanical stress balances the atom flux due to an applied current
max
and prevents electromigration up to a critical current density jcrit = Ω∆σ
, which
Z ∗ eρL
depends on the mechanical yield strength ∆σmax of the material, the length L of the
conductor and the atomic volume Ω [17, 117]. Only above this critical current density
the aluminum deforms plastically and electromigration takes place.
Mahadevan and Bradley modeled and simulated the void evolution due to electromigration [77]. They also found that below a critical current density surface irregularities
smooth out over time as surface-self-diffusion is the dominant effect. However, when the
critical current density is reached, surface electromigration becomes dominant, an edge
perturbation becomes instable and evolves into a slit-shaped void. In these simulations
as well as in experiments the slits “lean” into the electron-wind.
From the arguments above we conclude that two conditions need to be met for a net
material transport to takes place: Firstly, the current density driving electromigration
has to exceed a critical value to be dominant over other transport processes caused
by diffusion or mechanical stress. Secondly, the temperature has to be high enough
to provide the mobility for substantial atom motion. Thereby the threshold junction
temperature Tstart , above which electromigration was observed, is nearly independent
of the temperature of the sample environment. If the sample was kept at lower temperatures, more electrical power was needed to increase the local temperature via Joule
heating and start electromigration [117]. Threshold temperatures ranging from 345 to
500 K have been reported by different authors [69, 117, 53], even when the sample
was kept in a liquid helium cryostat. Depending on the temperature of the sample
environment, the current at which EM sets in is therefore either determined by the
amount of heat to achieve the required temperature or by the critical current density.
Moreover, it is obvious from the thermally activated behavior that electromigration
will tremendously increase when the junction temperature rises above the threshold
value. It will therefore be very important, as noted by many authors [69, 38, 113, 54,
116, 129], to control the junction temperature if one wants to achieve a reproducible
electromigration process. This will be the main goal of the next section.

4.2.2. Controlled electromigration scheme
As outlined in the previous section, one has to control the junction temperature in
order to perform a reproducible electromigration process. When a voltage is applied to
a break junction and steadily increased, the current also increases as one would expect,
but the overall conductance of the junction decreases. This reversible effect is due to
a local Joule heating of the junction [69, 38, 113].
The electrical power dissipated in the junction is PJ = I 2 RJ , where RJ is the junc-
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tion resistance. Initially the junction resistance is very small and most of the applied
voltage drops over the lead resistance RL . However, when electromigration sets in, the
junction resistance increases and therefore a larger fraction of the voltage drops over
the junction. This will in turn heat the sample, accelerate electromigration and further increase RJ . If the lead resistance RL is too large, this positive feedback causes a
thermal runaway leading to an uncontrolled and instable EM. Such a thermal runaway
causes the nano-wire to “blow up” and results in gaps much larger than 10 nm and gold
particles in the gap [116].
In figure 4.5 a breaking curve taken at room temperature without active feedback to
control the dissipated power is illustrated. It can be seen that when electromigration
sets in at around 1.06 V, the conductance abruptly drops to 0 and no more current can
pass through the junction. The insets shows an AFM scan taken after electromigration.
A relatively large gap between the to electrodes is visible and it seems as if some of the
gold in the junction was melted and subsequently resolidified in a drop-like structure
on the upper electrode. This is an indication for the presence of very high temperatures
during the EM process. Furthermore the junction showed no tunneling conductance
after EM.

250 nm

Figure 4.5.: Current-voltage characteristics of an electromigration process without active control of the junction temperature. Inset: AFM image of the resulting
junction.
The junction temperature TJ can be expressed in terms of the environment temperature T0 and the dissipated power PJ as [38]
TJ = T0 + ∆T = T0 + PJ Rλ

(4.2)
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where Rλ is the thermal resistance from the junction, where the power is dissipated,
to the reservoir with temperature T0 . To prevent thermal runaway during electromigration, the change in temperature with junction resistance dTJ /dRJ must be negative
[38].
dPJ
d
dTJ
∝
=
dRJ
dRJ
dRJ



RJ
2
2U
(RJ + RL )


<0

Here it was assumed that the thermal resistance Rλ from the junction to the heat
sink does not depend on the electrical resistance of the junction. The inequality is only
satisfied if
RJ > RL .
As this condition is typically not met, an uncontrolled electromigration process is
not performed along a curve of constant power. Consequently the dissipated power is
much higher, the junction temperature far exceeds the threshold value and the junction
is “burnt” [129].
From the above considerations two major consequences can be drawn for the development of an advanced electromigration scheme. First, one has to choose a sample
layout which minimizes the lead resistance, and second, an active feedback is needed
to keep the applied power to the junction and thus the junction temperature constant
[38, 113, 54].
To meet the second demand it was proposed by some authors [38, 113, 54] to measure
a reference conductance of the junction at a relatively low voltage. Then the voltage
is steadily increased until the conductance falls below a set fraction of this reference
value. Next the voltage is ramped down by a set amount, a new reference conductance
is determined and the procedure is repeated until the desired conductance is reached.
In our experiments, however, we found that the absolute conductance is not the most
adequate criterion to detect the onset of electromigration. One reason for this is that
the conductance is already reduced by Joule heating of the junction when still in a
reversible regime. As a consequence, setting the fraction of the reference conductance
too high results in the feedback loop always reacting on the conductance decrease due
to Joule heating and never entering the EM regime. On the other hand, setting the
fraction too low holds the risk of missing the point when EM sets in. This is especially
crucial in our setup, because the feedback is established over a computer interface
which is very slow.
It turned out to be much more beneficial to use the local gradient of the breaking
curve as control parameter, which was calculated from the currents measured at the
prev
active (I) and the previous (Iprev ) voltage setpoint to dIdV = VI−I
. Note that this
−Vprev
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parameter is not just the discrete version of the differential conductance, as it also
includes the temporal evolution of the current between the two measurements. It only
weakly reacts on Joule heating as this is a smooth and steady process. Electromigration,
however, causes an abrupt decrease of the conductance and a kink in the breaking curve,
which is perfectly captured by the local gradient. Therefore it is perfectly suited to
detect the onset of electromigration. When the electromigration process had progressed
to a certain extend, the parameter dIdV became quite unstable and sometimes even
took negative values. At this stage the feedback parameter was switched back to the
absolute conductance. A detailed description of the feedback algorithm is given in
appendix A.3.
With this two step process it was possible to reproducibly break metallic nano-wires
in a controlled manner even with our slow experimental setup. An exemplary breaking
curve taken at room temperature is shown in figure 4.6. Initially the current rises with
increasing bias voltage until the onset of electromigration. When the onset is detected
by the feedback system, the voltage is reduced and ramped up again. Thereby the
current passed through the junction is steadily reduced without the occurrence of an
abrupt drop.
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Figure 4.6.: Breaking curve obtained during a controlled electromigration process performed at root temperature. The red line shows a calculated curve of
constant power dissipation in the junction.
Also a line of constant power dissipation in the junction PJ was drawn into the I-V
p
diagram in figure 4.6 by plotting the current I = PJ /RJ over the applied voltage
V = (RJ + RL ) I for different values of the junction resistance RJ . The parameters
for calculating the curve were a power dissipation in the junction of 170 µW, a lead
resistance of 147 Ω and the junction resistance was varied from 5 Ω to 5 kΩ. Comparing
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the calculated curve to the breaking curve one can see that the electromigration process
was actually performed at a constant power. This indicates that the electromigration
rate was dominated by the junction temperature and the feedback scheme was able to
control this temperature [38].
Further electromigration experiments were performed at room temperature, at about
225 K and at 4.2 K and the breaking curves were also analyzed by fitting with a curve
of constant power dissipation. In figure 4.7 the resulting power dissipation is plotted
as a function of sample temperature. From the diagram it is obvious that for lower
sample temperatures a higher electrical power needs to be dissipated in the junction
for electromigration to take place. Together with the data points a linear fit is plotted.
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Figure 4.7.: Dissipated power in the EM junction as a function of sample temperature.
Rearranging equation 4.2 for PJ one obtains a linear dependence on the sample
temperature, which corresponds to the linear fit from figure 4.7.
PJ = −

1
TJ
T0 +
Rλ
Rλ

Under the assumption that Rλ is roughly independent of the sample temperature,
a junction temperature TJ of 350.2 K and a thermal resistance of 3.85 · 105 Km
were
W
extracted from the fit. This means that independent of the environment temperature,
the electromigration is performed at a constant junction temperature.
To crosscheck these findings the thermal resistance and along with it the junction
temperature are estimated in the following. Therefore the geometry of our EBL electrodes is approximated by three rectangles with corresponding width wi and length li
as illustrated in figure 4.8. The thickness of the electrodes d = 25 nm is the same for

98

4.2. Electromigration
all rectangles. The thermal resistance of each part is now calculated with
i
Rλ,Au
=

li
.
λAu wi d

l3,w3

l2
w2
l1

w1

i
1
2
3

length li
88 nm
400 nm
29.5 µm

width wi
110 nm
340 nm
3 µm

Figure 4.8.: Geometric dimensions of the electrode resistance model.
Here λAu is the thermal conductance of gold. Additionally, heat can be conducted
from the junction via the silicon oxide layer into the silicon substrate. Here the thermal
resistance for each rectangle is calculated to
i
Rλ,SiO
=
2

dSiO2
.
λSiO2 wi li

The silicon substrate and the thick photolithography contact pads are assumed to
behave as perfect heat sinks with a temperature T0 . To calculate the thermal resistance
for one electrode the partial resistances of the gold leads have to be connected in
series while the resistances corresponding to the silicon oxide layer are connected in
parallel. The total thermal resistance is then obtained by division with 2 as the two
different electrodes are connected in parallel. Insertion of the parameters for our sample
geometry into the calculation results in a total thermal resistance of 2.90 · 105 Km
which
W
5 Km
compares well to 3.85 · 10 W obtained by the linear regression above, in particular
considering the crude approximation. When this thermal resistance is used to calculate
the junction temperature with the dissipated power obtained from figure 4.6, the result
of 349.3 K is also in good agreement with the value from above. Furthermore, our
results are consistent with temperature data given in literature [117, 53].
The conductance evolution during the electromigration process is depicted in figure 4.9. It can be seen that the conductance is smoothly reduced during the process
from initially about 7.5 mS down to about 2 mS. By stopping the electromigration
process at any point, the junction conductance can be tuned to the desired value.
Until now, the discussion only referred to this first part of the electromigration
process. Here electromigration is said to be in a diffusive regime where the junction
dimensions are much larger than the mean free path of the electrons. In this regime
we found that electromigration is dominated by the electron-wind force and triggered
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Figure 4.9.: Conductance evolution during a controlled EM process performed at room
temperature.
at a constant temperature of about 350 K. Furthermore we showed that the feedback
scheme introduced in this section is capable to control the junction temperature.
However, when the conductance in figure 4.9 falls below about 2 mS, which corresponds to a resistance of 500 Ω, the trace becomes non-monotonic and the conductance
seems to jump between different plateaus. In this phase of the breaking process electromigration has already proceeded to a point where the junction is constricted such
that its size is comparable to the electron mean free path and transport has entered the
ballistic regime. How the break junctions behave in this regime and the consequence
arising for electromigration will be discussed in the following section.

4.2.3. Quantized conductance in electromigrated junctions
As we have seen in the previous section, the conductance of the junction was smoothly
reduced during electromigration in the diffusive regime via the feedback scheme. However, as the junction conductance falls below a certain value, which is on the order of
1/500 Ω for EM experiments performed at room temperature, it is observed in most
samples that the conductance does not evolve in a continuous way anymore, but jumps
between more or less defined plateaus.
For the interpretation of this step-like behavior it is assumed that the junction is
already constricted to a point where its dimensions are comparable or smaller than the
electron mean free path and the resistance is not determined by scattering anymore. In
this regime the conductance may no longer be described by a macroscopic conductor
with a uniform specific conductance, but depends on the exact configuration of the
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lattice atoms. When the electromigration process changes the configuration, this is
reflected by a jump in the conductance. Between such events, the conductance stays
more or less unchanged.
In some breaking curves, as the one shown in figure 4.10, it was found that these steps
clearly coincide with integer multiples of the conductance quantum G0 = 2e2 /h. This
is the distinct finger print of a quantum point contact [1] as discussed in section 2.2.2.
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Figure 4.10.: Conductance trace during a controlled electromigration process at room
temperature right before wire breakage. Steps corresponding to integer
multiples of the conductance quantum G0 = 2e2 /h are clearly visible.
From the conductance taking preferentially integer multiples of G0 we conclude that
at this stage of the electromigration process only a few metal atoms are bridging the
nano-electrodes. Depending on the number of atoms in the junction and on their
actual configuration, a specific number of channels is available for electron transport.
The conductance of the junction is then governed by the number of channels and
the corresponding transmission rates according to Landauer’s formula 2.2. When the
atomic configuration is such that the transmission values of all channels participating
in transport are approximately 1, the overall conductance is a integer multiple of the
conductance quantum.
On the other hand, also conductance values differing from this scheme may be measured in metallic QPCs. One possible reason is that channels with a transmission rate
smaller than 1 are involved in transport. A second explanation can be given from a
measurement point of view: if the junction switches between two configurations within
the integration time of the conductance measurement, the measurement yields an average over the individual conductance values, which would also be no multiple of G0 .
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It has to be mentioned that conductance quantization has already been reported
by different authors for electromigrated break junctions [113, 112, 117] as well as for
mechanically controllable break junctions (MCBJs) [123, 32, 104].
In the ballistic regime we found that electromigration is considerably slowed down,
but it does still continue. Furthermore, the process does not follow a curve of constant
power dissipation anymore and the bias voltages needed to finally break the wires are
rather high (up to 1 V and sometimes even above). These findings are consistent with
the results published by other authors [113, 129]. Also atomic rearrangements may take
place during the process, which can lead to an increase of the junction conductance
and sometimes results in a rather chaotic breaking curve as depicted in figure 4.11.
This behavior is especially pronounced at low sample temperatures.
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Figure 4.11.: Electromigration breaking curve for a junction in the ballistic regime
recorded at room temperature. Due to atomic rearrangements the junction conductance sometimes abruptly increases.
These observations are not surprising as ballistic transport implies that scattering
in the junction region is rare and therefore only little momentum is transferred from
the conduction electrons to the metal atoms. In addition Joule heating is expected to
be drastically reduced in the junction and the resistance should only slightly depend
on T [129]. This also means that our temperature estimation from the previous section
does not hold in this regime. Considering all these aspects the question arises, why
electromigration does actually continue at all in the ballistic regime.
Even though it won’t be possible to answer this question completely, three aspects
will be discussed in the following. The first point is considering the driving force of
electromigration and its behavior in the ballistic regime. As the junction is narrowed
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the direct force is believed to become more dominant compared to the electron-wind
force. The ratio of electron-wind force and direct force
Fw
σ
∝a
Fd
Z
as derived in references [97] and [109], is proportional to the radius of the constriction a. Here σ denotes the scattering cross section for the scattering process and Z
the valence of the associated defect. Hence, when the junction is strongly constricted
and a becomes very small, the direct force will dominate the wind force and thus
electromigration.
The second aspect to be discussed here is the junction temperature at which EM is
performed in the ballistic regime. As already mentioned, the temperature estimation
from the previous section does not hold anymore. Instead, one has to consider nonequilibrium conditions where electrons and defects have a much higher temperature
than the lattice of the junction [97, 29]. For the maximum electron temperature Tel,max
in the junction Chen and Sorbello derived the expression
Tel,max

5 eV
3
coth
= T0 +
8
16 kB



eV
2kB T0


.

based on a stationary harmonic oscillator model coupled to the electrons via inelastic
scattering [29]. For a junction with a bias voltage of 0.5 V at room temperature, the
formula yields an electron temperature of 1926 K, which is already much larger than
the melting point of gold of 1337 K. On the other hand, the lattice temperature,
which is the relevant temperature for melting, is supposed to be much smaller and
approximately equal to the environment temperature T0 [29].
The temperature governing atom motion and hence electromigration is the defect
temperature Td , which lies somewhere between the electron and the lattice temperature
as both act like a thermal bath for the defects. The actual value of Td depends on the
coupling of the defect to the electrons and the lattice and is difficult to determine.
It is reported to be typically two to five times smaller than the electron temperature
[97, 116]. For the example give above the temperature for atom motion would lie
somewhere between 385 and 963 K. This result suggests that the temperature is high
enough to provide the atom mobility necessary for electromigration to take place if a
driving force is present.
The third point to be discussed here is regarding the scattering length and momentum
transfer in the junction. From our point of view it is questionable if the concept of an
electron mean free path and a scattering length, which was originally derived for a bulk
lattice with defects, can also be applied to a situation where only individual atoms are
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responsible for electron transport. To get a clearer picture on how electrons behave in
such structures, how they are scattered and the amount of momentum transferred to
the atoms, ab initio calculations might give more insight.
In this section it was shown that electromigration can be controlled such that contacts bridged by only a few gold atoms and exhibiting conductance quantization can
be fabricated. From these metallic quantum point contacts electromigration can be
further continued, even though the EM process for this regime is not yet completely
understood. Once the conductance drops below the conductance quantum G0 , transport undergoes another transition to the tunneling regime, which is the topic of the
next section.

4.2.4. Tunneling characteristics of nano-electrodes
As soon as the conductance falls below the conductance quantum G0 , it is assumed
that the electrodes are separated from each other and electron transport takes place via
tunneling. In the experiments the tunneling current was measured as a function of bias
voltage right after the electromigration process to characterize the junction. According
to the stage at which electromigration was stopped, the measurements yielded tunneling
curves corresponding to resistances from a few tens of kiloohms up to hundreds of
gigaohms. Depending on the resistance and individual tunnel junction I-V curves with
shapes ranging from close to linear to pronounced non-linear were observed. In general,
the non-linearity increased with higher tunneling resistances.
In figure 4.12 an I-V trace measured after electromigration at room temperature is
shown. The resistance for small bias voltages is about 6.6 GΩ and the curve exhibits
a strong non-linear, s-shaped characteristic typical for tunneling junctions. For higher
bias voltages the current increases disproportionately.
In order to analyze the electrode separation, the measured data was fitted with
the Simmons formula (2.9) for tunneling currents. The fit is plotted together with
the measured curve in figure 4.12. As fitting parameters an electrode separation s =
1.46 nm, a barrier height ϕ = 1.2 eV and a contact area A = 1.1 · 10−16 m2 were used.
The barrier height is much lower than one would expect for tunneling from gold to
gold via vacuum as the work function of gold is about 4.7 eV. This may have a number
of reasons: Firstly, tunneling might occur not through vacuum or air, but through the
insulating substrate, which would yield a lower tunneling barrier. Secondly, Simmons
formula was derived from a 1D model, while the actual contact has a 3D geometry. The
result of a 1D fit to the 3D contact would be an effective barrier width overestimating
the actual electrode separation and an effective barrier height underestimating the real
one [69]. Thirdly, in such thin barriers the image force, which was not taken into
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Figure 4.12.: I-V curve measured after electromigration and fitted with the Simmons
formula. The fitting parameters were a spacing s = 1.46 nm, a barrier
height ϕ = 1.2 eV and a contact area A = 1.1 · 10−16 m2 .
account for the simple Simmons formula, will not be negligible. And finally, samples
are typically covered with a thin water film when kept at ambient conditions. This
film might also reduce the barrier height between the electrodes.
Even though the origin of the low work function is not quite clear, the fit to the
measured data indicates that the distance between the two electrodes is rather small.
We therefore conclude that our electromigration process is capable of producing electrode pairs with a separation of about 2 nm and below. This is in good agreement
with values reported in literature which range from a few Å to about 5 nm [88, 69].
When first entering the tunneling regime, the junction resistance is typically on the
order of 100 kΩ corresponding to a very small separation. However, one can proceed
with the electromigration process to further separate the electrodes by applying even
higher voltages. In the tunneling regime atoms are believed to migrate either due to
the strong electric field present in the gap or due to field emission currents [63]. An
exemplary breaking curve for electromigration performed in the tunneling regime is
depicted in figure 4.13.
When the voltage is initially ramped up, the non-linear I-V characteristics of the tunnel junction can be observed. In contrast to electromigration in the diffusive regime,
where the conductance was reduced with increasing bias voltage due to Joule heating, here the conductance increases at higher voltages. At some threshold voltage
the electric field becomes large enough to modify the junction configuration and the
conductance abruptly changes. Usually the conductance is reduced due to the modification, but as evident from figure 4.13 at a bias voltage of 1.11 V and 1.38 V, the
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Figure 4.13.: Breaking characteristics of an electromigration process in the tunneling
regime.

reconfiguration sometimes also may lead to a higher conductance. By proceeding with
electromigration, the junction resistance can be further reduced to the desired value.
To achieve this typically quite high voltages up to 4 V are required.
When electromigrated junctions are kept under ambient conditions for several days or
weeks, it can be observed that their electric properties change over time. Typically the
conductance decreases, which is also reported in literature where Strachan et al. [112]
investigated electromigrated gold junctions under a transmission electron microscope
(TEM) over a period of three to four month. They observed a degradation of the
nano-gaps over time and ascribed the effect to the surface tension of gold, which causes
features with high curvature to be smoothed out.
A similar effect occurs when samples are broken at low temperatures and heated up
afterwards or vice versa. After annealing or cooling down the tunneling conductance
typically had changed. Sometimes the contacts showed metallic conductance in the
200 Ω range again, while with other samples a lower conductance was measured than
before the thermal cycle. The reason may again be relaxation processes taking place
during annealing or a difference in thermal expansion coefficients of substrate and
electrode material.
Besides the typical tunneling current one would expect for broken junctions, some of
the contacts show additional features in their I-V characteristics. These artifacts are
presumably caused by metallic grains created within the gap during electromigration
and are subject to the next section.
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4.2.5. Artifacts due to metallic residues
Even though most of the break junctions show either normal tunneling behavior or no
conductance at all after electromigration, sometimes nonlinear feature-rich I-V curves
were measured. Figure 4.14 shows an exemplary I-V trace taken at cryogenic temperatures directly after the electromigration process.

300 nm

Figure 4.14.: I-V characteristics measured at 42 K directly after electromigration on
a sample without intended conducting islands. The curve exhibits clear
Coulomb blockade and Coulomb staircase features. Inset: AFM scan
recorded after the electric measurements.
On this sample neither quantum dots nor metallic particles were deposited on purpose. Nonetheless, the I-V curve shows a plateau around 0 V bias, which can be
attributed to current suppression caused by Coulomb blockade. At higher negative as
well as positive bias voltages the current increases in a step-like fashion know as the
Coulomb staircase (see chapter 2.4). Both features indicate that obviously an undesired conducting island was present in the gap between the two nano-electrodes. The
plateau has a width of about 400 mV and the spacing of the steps is roughly 200 mV.
Assuming a corresponding Coulomb energy of 200 meV, an island capacitance of 0.4 aF
can be calculated. From this capacitance value we expect an island with a size of a few
nanometers.
The island was presumably composed of metallic grains which were created unintentionally during the electromigration process. This assumption is supported by the
AFM scan depicted as inset in figure 4.14, which was taken after the electrical measurement. The image shows a drop-like structure on the top electrode as already observed
for uncontrolled electromigration, from which a very high junction temperature and
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the melting of gold during the process can be inferred. Taking a closer look at the gap
between the electrodes, also smaller droplets can be seen which may potentially act
as Coulomb island. It might be important to note that this was an electromigration
carried out in the early stage of the development when the process was not yet as
elaborated as the one presented in the previous sections.
Metallic grains introduced during the electromigration process and resulting artifacts in the electric characteristics of the tunnel junctions were also reported by other
authors [110, 122, 112, 116]. Zant et al. [122] for example wrote that electromigration
actually produces a whole range of different I-V characteristics including asymmetric
I-Vs, Coulomb blockade, and Coulomb staircases as also observed in our experiments.
The occurrence of these artifacts was reported to be on the order of 30 % of the junctions, which seams to be a lot higher than what we experienced. On the other hand,
some of the authors attribute the unintentional creation of metallic particles during
electromigration to a poor process control and an overheating of the junction. Taychatanapat et al. [116] reported that if the series resistance is kept low to prevent
thermal runaway as outlined in section 4.2.2, no gold particles were found in the gap.
This is consistent with the observations made in this work. In later experiments when
the electromigration process was well controlled barely any junction showed unexpected
artifacts.
We conclude that one can try to avoid the creation of undesired metallic islands
within the break junction by optimizing the process control. Nevertheless one has to
bare in mind that measurements performed on quantum dots or molecules directly
after electromigration might still be related to artifacts caused by the process. The
only way to avoid this is to first break the junction, next electrically characterize it,
and only then deposit the nano-objects to be investigated. Unfortunately this is very
inconvenient as it means that the sample has to be further processed and probably
annealed or cooled after the nano-electrodes were fabricated. This may again change
the properties of the junction as discussed in the previous section.

4.2.6. Electrode alignment to QDs
As shown in section 4.2.1, electromigration strongly depends on the current density
and typically starts at the position in the conductor with the least cross sectional area.
This property was used to align the evolving nano-electrodes to predefined quantum
dots already present on the sample [127].
Therefore silicon quantum dots were fabricated by etching into a silicon on insulator
(SOI) substrate using a self-assembled etch mask according to chapter 3.1. Next, gold
nano-wires were patterned onto the sample covered with silicon QDs using electron
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beam lithography and subsequent thermal evaporation as outlined in section 4.1. An
AFM scan of such a metallic nano-wire on top of the QDs is shown in figure 4.15 (a).

jmax → EM

(a)

(b)

(c)

(d)

Figure 4.15.: AFM scan and sketched cross-section of a gold nano-wire patterned onto
SOI-based silicon QDs before (a,b) and after (c,d) EM.

The amount of material per area normal to the sample surface deposited during the
metalization process is constant. Therefore the presence of the QDs leads to a locally
reduced metal film thickness at the edge of the dots, as sketched in figure 4.15 (b).
Hence, the nano-wire is likely to have its cross-section with the least area for the current
to pass at a position of a QD. When the electromigration process is now performed on
such a wire, the current density will have a maximum at the position of a dot and wire
breakage will preferentially take place there. As a result, the evolving gap between the
two electrodes is aligned to the quantum dot as desired. Devices fabricated with this
technique will be characterized in section 5.2.

4.2.7. Electromigration on ferromagnetic nickel electrodes
Electromigration experiments were also performed on ferromagnetic nickel electrodes.
The aim was to obtain a pair of two electrodes with different switching behavior for spindependent transport measurements. Therefore the shape anisotropy effect discussed in
section 2.6.3 was utilized and several different electrode geometries were investigated.
First, numerical simulations were carried out to estimate the switching behavior for different geometries. Then samples were fabricated with the most promising geometries,
electromigration was performed and the transport properties were measured.
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Numerical simulations
To find an optimized geometry for ferromagnetic electrodes to be switched between
parallel and antiparallel magnetization, as described in section 2.6.3, numerical simulations were carried out similar to those reported by Pasupathy and Bolotin et al.
[92, 20]. For the calculations the micromagnetic OOMMF code [34] was used. This
software allows one to define a nearly arbitrary 2D geometry for a ferromagnetic object
and to apply and change an external magnetic field. To calculate the magnetization M
the solver of this software package integrates the Landau-Lifshitz equation
|γ̄| α
dM
= − |γ̄| M × Hef f −
M × (M × Hef f ) .
dt
Ms
This equation describes the time evolution of the magnetization subject to an external field where γ̄ is the Landau-Lifshitz gyromagnetic ratio and α is the damping
coefficient. The effective field Hef f can be written as
Hef f = −µ−1
0

∂E
.
∂M

Here the average energy density E is a function of M specified by Brown’s equations,
including anisotropy, exchange, self-magnetostatic (demagnetization) and applied field
(Zeeman) terms [34].
We have studied a whole range of different geometries which showed substantial
deviations in the difference of coercive field strength of upper and lower electrode.
The coercive field strength associated with an electrode determines the external field
at which its magnetization is switched. Another important point to look at was the
direction of the local spins in the contact region, which did not always coincide with the
average magnetization of the overall structure. An overview of the simulated electrode
geometries is given in figure 4.16.
Geometries (b), (c) and (d) did not match the demands at all, because the coercive
field strength for upper and lower electrode nearly coincided. For the very small field
range where the average magnetizations were antiparallel, the local magnetization in
the contact region was ill defined. Geometry (a) showed a relatively large difference
in the magnetic switching field of the two electrodes, however the spin direction in
the contact region was also not in good agreement with the electrode average. From
the simulations, geometry (e) yielded the most promising results with respect to the
difference in coercive field strength as well as the spin alignment in the contact region.
For geometry (e) the upper electrode had a rhombic shape with a length of 2 µm
and a width of 1 µm and showed a relatively small coercive field of about 13 mT. Its
easy magnetization direction lay in parallel with the long axis. The lower electrode
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Figure 4.16.: Overview of simulated electrode geometries.
was a rhombus of the same size but truncated in width to 0.25 µm, and its magnetization switched in the simulations at a much higher magnetic field of about 35 mT.
The structures were simulated to be 30 nm thick and made of nickel with a saturation magnetization MS = 490 · 103 A/m and an exchange stiffness A = 9 · 10−12 J/m.
The crystalline anisotropy was neglected for the simulations as the electrodes in the
experiment were polycrystalline and crystalline anisotropy effects were assumed to average out over all crystallites. The magnetization curve obtained from the numerical
simulations for this geometry is depicted in figure 4.17.
Coming from large negative magnetic fields and passing 0 T the magnetization curve
shows an abrupt jump at about 13 mT corresponding to the magnetization switching
in the upper electrode. The insets show that the spins in the contact region change
from a clean parallel (left-most inset) to a well defined antiparallel (second inset from
right) configuration. At about 35 mT a second jump in the curve occurs and the
magnetization of second electrode flips around. The right-most inset shows that the
electrodes are now parallely magnetized again, but in the opposite direction. The
down-sweep shows exactly the same behavior.
The behavior of the electrodes with respect to coercive field strength and spin alignment in the contact region can be understood in the following way. The upper electrode
has a much wider body with no edge parallel to the electrode axis, which makes it relatively easy to turn the magnetization from one axis direction to the antiparallel one.
The lower electrode is very narrow with a long edge parallel to its axis. This leads to
a higher stray field energy for magnetization perpendicular to the axis and therefore
involves a higher switching field. Moreover, the angle of the electrode tips, which will
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Figure 4.17.: Simulated magnetization curve for optimized electrode geometry (e). The
insets show the alignment of individual spins in the contact region for
different magnetizations.
be the contact region after electromigration, is relatively sharp. This aspect leads to a
“focusing” effect of the local spins towards the tips and results either in a clean parallel
or an antiparallel configuration in the contact region.
Electromigration experiments
After finding the “optimal” geometry from the simulations, corresponding nano-electrodes were fabricated by electron beam lithography (see section 4.1). To avoid contact
problems due to the oxidation of nickel, the macroscopic gold bond pads were patterned
in advance and the nickel electrodes were aligned to them with the electron beam writer.
A colorized SEM micrograph of a pair of nickel electrodes (purple) patterned on top of
the bond pads on a SOI QD sample is shown in the inset of figure 4.18.
To obtain ferromagnetic electrodes with nanometer separation, electromigration was
conducted on the initially connected electrode pairs with the scheme introduced in
section 4.2.2. A typical breaking curve is depicted in figure 4.18. In comparison to
gold, nickel showed a much higher reversible increase in resistance due to Joule heating
when current was passed through the junction. This can be seen from the curvature
of the initial voltage ramp and leads to difficulties with the feedback scheme. The
breaking curve even turned horizontal at very low temperatures and therefore the
breaking process had at least to be started at room temperature.
The I-V diagram shows three different traces, because the breaking process was
repeatedly stopped to characterize the junction at different resistances. Before electro-
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2 µm

Figure 4.18.: Breaking curve of an electromigration process performed on nickel electrodes at room temperature. The electromigration was stopped three
times to characterize the junction. Inset: colorized SEM micrograph of a
nickel electrode pair with optimized electrode geometry.
migration the sample had a resistance of 128 Ω and showed a magnetoresistance curve
with a sharp symmetric minimum around 0 T like the rectangular reference samples.
At a resistance of 350 Ω this characteristic was still visible, but much less pronounced.
At 5 and 200 kΩ only a random, field independent switching between resistance values was observed and the measured curves were very noisy. This was attributed to a
thermal rearrangement of the junctions.
Because of the instability of the resistance and the noise, the sample was cooled from
room temperature to 4.2 K in a liquid helium bath cryostat. During cool down the
conductance was recorded and is depicted in figure 4.19.
At the begin of the measurement the sample was still at room temperature and a
switching between two discrete conductance values could be observed. These two values
are assumed to correspond to two atomic configurations of the tunnel junction, between
which the contact switched back and forth. Then, after about 600 s the sample was
cooled down and the conductance gradually decreased. Finally, when reaching 4.2 K
the conductance settled to a constant value, the switching disappeared and the noise
was largely reduced.
Under these conditions magnetic measurements were performed on the sample by
sweeping a magnetic field parallel to the current direction from about -0.4 to 0.4 T and
back. The resistance was offset by the resistance at the begin of the sweep and normalized to that value. The resulting tunneling magnetoresistance (TMR) is measured
in % and plotted in figure 4.20.
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Figure 4.19.: Conductance of a nickel junction after EM during cool down from room
to liquid helium temperature.
From the diagram it can be seen that at high negative magnetic fields the resistance
in the up-sweep starts from the same value that it ends in the down-sweep. Also at high
positive fields the resistance has the same value independent of the sweep direction.
However, the resistance for high positive and negative fields differs, which is not yet
understood. At lower magnetic fields a hysteresis is observed, which manifests itself in
different resistance values for up and down-sweep.
Roughly speaking, the junction had a lower resistance at high magnetic fields and
exhibited an intermediate increase in resistance after passing 0 T from either direction. This general behavior is in agreement with what we expect from the model in
section 2.6.1, where high external fields lead to a parallel magnetization of the two
nano-electrodes resulting in a low tunneling resistance. When the field is then swept
from high negative values over 0 T into the positive region, the resistance suddenly
increases. The increase can be attributed to the first electrode’s magnetization being
switched and a subsequent antiparallel magnetization of the two electrodes. By sweeping the field to even higher positive values, the resistance dropped again, presumably
coinciding with the switching of the second electrode and a restored parallel configuration. The down-sweep shows a similar behavior and can be understood in an analog
way.
Despite this rough structure, also minor jumps and kinks can be seen in the curves,
which are not so easy to interpret. Especially when the resistance is falling from the
value assigned to the antiparallel configuration to the value for parallel magnetization,
it first drops to a resistance even below that observed at high magnetic fields. Inter-
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Figure 4.20.: Tunneling magnetoresistance measured at 4.2 K after electromigration.
The red trace was recorded during an up-sweep, the green one during a
down-sweep.
estingly, similar features can also be seen in the measurements reported by Pasupathy
et al. [92] on nickel electrodes with a different geometry.
Even though these findings may not be completely explained at the moment, the
following aspects could play a role. Possibly the two electrodes did not behave like
two distinct domains, as suggested by the simulations, but rather consisted of multiple
domains. This assumption is corroborated by the fact that the nickel electrodes were
patterned on top of the relatively thick gold pads, which causes a step in the evaporated
nickel film. The step was not accounted for in the 2D micromagnetic simulations, but
could have a strong influence on the shape anisotropy of the electrodes and hence their
switching behavior. Compared to the results of the simulations our measurements also
yielded somewhat higher switching fields, which might be a related issue. Maybe also
the exact grain structure in the contact region, which is of course not known, plays an
important role in the transport properties. One other effect that can not completely
be ruled out is magnetostriction, which might have caused a tiny change in the shape
of the electrodes due to the applied magnetic field [21] and thereby altered the tunnel
coupling.
In this section we have shown that patterning initially connected nickel electrodes
with a geometry optimized for shape anisotropy and subsequent electromigration yields
a pair of nano-electrodes whose relative magnetization may be switched from a parallel
to an antiparallel configuration by applying an external magnetic field. These electrodes
can be used to perform spin-dependent transport measurements on nano-objects. Together with the preparation scheme for silicon quantum dots given in section 3.1 they
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in principle provide everything needed to fabricate a QD spin valve. However, further
investigations will have to follow to clarify the additional features in the tunneling
magnetoresistance curves that are not yet understood.

4.3. Electrochemical deposition
Besides electromigration, also electrochemical deposition was employed to fabricate
nano-electrodes. It is a process typically used to coat metallic surfaces with other
metals or to metalize conduction lines on printed circuit boards. Therefore the sample
is immersed into an electrolyte solution containing ions of the desired metal. These
ions are then reduced by either a chemical reaction or the application of an electric
voltage and thereby deposited onto the surface. The basic theoretical background of
this process is briefly summarized in section 4.3.1.
A few years ago it was realized that electrochemical deposition, also known as electroplating, can be used to fabricate nano-electrodes [81, 118, 119, 64]. Therefore two well
separated electrodes were used as a template onto which metal was electrochemically
deposited. Thereby the distance between the two electrodes was gradually reduced. At
the same time the process could be monitored by measuring the conductance between
the two electrodes.
The setup used for the electrochemical deposition experiments in the present work
largely resembles the ones in the references above and is described in section 4.3.2. A
positive deposition voltage led to a deposition of material and reduced the electrode
separation until the electrodes eventually grew together. By applying a negative voltage, the process could be reversed and the electrodes were etched again. When the
deposition voltage was repeatedly switched between positive and negative values, a
cyclic closing and opening of the electrodes could be achieved (see section 4.3.3). As
the electrodes were grown together slowly, conductance quantization was observed like
in the electromigrated break junctions. This is shown in section 4.3.4. Before the
electrodes actually touched each other or if they were reopened again by a negative deposition voltage, tunneling currents were measured after rinsing and drying the sample.
These electrochemically fabricated tunnel junctions are characterized in section 4.3.5.
Besides the deposition of gold, which was the material used for all experiments mentioned to this point, also ferromagnetic cobalt electrodes were deposited for potential
spintronic applications (section 4.3.6). Finally, by slightly modifying the experimental
setup, it was possible to deposit metal only onto one of the two template electrodes
while still monitoring the conductance between them. This allowed for the fabrication
of hetero-electrodes of two different materials with interesting possible applications,
which is outlined in section 4.3.7.
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4.3.1. Electrochemical background and electrolytes used
Electrochemistry is dealing with chemical reactions taking place at the surface of an
electron conductor (e.g. a metal) immersed into an electrolyte solution, which involve
the transfer of electrons between the electrode and species in the solution. A chemical
reaction where the reactant gains electrons is called reduction, while the loss of electrons
is referred to as oxidation. In normal chemical reactions oxidation and reduction are
present at the same time and electrons are transferred between the different reactants
leading to a redox reaction. However, it is also possible to spatially separate the two
processes by introducing an external electric circuit, which then locally supplies or
removes electrons. This situation is then called an electrochemical reaction and can
either produce a voltage like in a battery or it can be driven by a voltage like electrolysis.
When two different metals are submerged in an electrochemical cell with appropriate
electrolytes containing the positively charged ions of the metals, the less noble electrode
will experience galvanic corrosion while material will be deposited onto the nobler one.
The difference in nobility can be measured as a voltage drop between the two electrodes
in an open circuit configuration. By comparing different elements and their ions or
rather comparing each of them to a common reference like the standard hydrogen
electrode (SHE), the galvanic series also known as the standard electropotential series
can be obtained. Table 4.5 shows an excerpt of this series with some materials relevant
to this work. The higher an element is positioned in the table the nobler it is and the
harder it is to oxidize.

Table 4.5.: Standard electropotential series for some selected elements [5, 75].
Element
Water (H2 O)
Platinum (Pt)
Iodide (I− )
Gold (Au)
Gold (Au)
Hydroxide (OH− )
Hydrogen (H2 )
Iron (Fe)
Nickel (Ni)
Cobalt (Co)
Iron (Fe)
Water (H2 O)
Potassium (K)

Oxidized
form
O2 (g) + 4 H3 O+
Pt2+
I−
3
[AuI2 ]−
[AuI4 ]−
O2 (g) + 2 H2 O
2 H+
Fe3+
Ni2+
Co2+
Fe2+
2 H2 O
K+

+
+
+
+
+
+
+
+
+
+
+
+
+
+

# of
electrons
4 e−
2 e−
2 e−
e−
3 e−
4 e−
2 e−
3 e−
2 e−
2 e−
2 e−
2 e−
e−

Reduced
form
6 H2 O
Pt
3 I−
Au(s) + 2 I−
Au(s) + 4 I−
4 OH−
H2
Fe
Ni
Co
Fe
H2 + 2 OH−
K

Standard
potential
+1.23 V
+1.20 V
+0.53 V
+0.58 V
+0.56 V
+0.40 V
0V
-0.04 V
-0.23 V
-0.28 V
-0.44 V
-0.83 V
-2.93 V
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From the standard electropotential series one can in principle calculate the voltage
between two electrodes of arbitrary material placed in an electrochemical cell, also
known as the electromotive force (EMF). However, this is only possible if the standard
conditions for temperature (25 °C), pressure (1 atm) and concentrations (1 mol/kg) are
met. Especially the concentrations are non-standard in typical experiments. To still
calculate an electrode potential E for non-standard conditions, the Nernst equation
RT
ln
E=E +
nF
0



cox
cred



(4.3)

may be used [72]. Here E 0 is the electrode potential for standard conditions, R the
universal gas constant, n the number of electrons involved in the reaction, and F is
the Faraday constant (F = 96.485 C/mol). Furthermore, cox denotes the product of all
concentrations of oxidizing agents participating in the reaction, and cred of all reducing
agents. Often activities are used rather than concentrations, which can be interpreted
as effective concentrations.
The redox reactions taking place on a pair of electrodes immersed in an electrolyte
solution can be influenced by applying an external voltage between them. If the bias
voltage is high enough, metallic ions from the electrolyte will be reduced with electrons provided by the cathode. The resulting metal atoms precipitate on the negative
electrode and therefore the process is referred to as electrochemical deposition or electroplating. On the other hand, metal atoms may be oxidized at the anode by extraction
of electrons. The metal ions go into solution and the anode experiences corrosion.
The amount of material electrodeposited (or etched) is proportional to the charge
transferred through the external circuit as already discovered by Faraday in 1834. The
proportionality factor consists of the molecular mass M of the deposited material, the
valence number n of the substance as an ion in solution and the Faraday constant F .
QM
F n
To describe the kinetics of an electrochemical reaction, the Butler-Volmer equation
can be used [5]. It was derived from chemical kinetics and states that the current
density, and therefore the reaction or deposition rate, exponentially depends on the
applied voltage V .
m=






(1 − α) nF
αnF
j = j0 exp
(V − Veq ) − exp −
(V − Veq )
RT
RT

(4.4)

The equilibrium potential Veq corresponds to the electrode potential E calculated
with the Nernst equation. If the voltage V = Veq is externally applied, equilibrium
conditions are adjusted and oxidation and reduction rates are balanced. A deviation
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V − Veq from the equilibrium potential is called overpotential. The exchange current
density j0 equals the equilibrium oxidation and reduction current densities and is a
measure for how much overpotential is needed to obtain a noticeable deposition. Furthermore, n is again the number of electrons involved in the reaction and α is the
so-called transfer coefficient or symmetry factor, which corresponds to the difference in
activation energy for oxidation and reduction and reflects the structure of the double
layer at the electrode surface. The equation is valid when the reaction is controlled by
the charge transfer at the electrode rather than by the mass transfer to or from the
electrode surface.
In the experiments presented here two different electrolyte solutions were used. For
the electrochemical deposition of gold a gold saturated iodine potassium iodide solution
was employed, while cobalt was deposited from a buffered CoSO4 solution. In the
following these electrolytes are discussed in more detail.
Gold saturated I2 KI solution
For the electrochemical deposition and etching of gold a recipe introduced by Umeno
and Hirakawa [119, 118] based on a gold saturated I2 KI solution was used. Elementary
iodine I2 is nearly not soluble in water, however, if iodide ions I− are already present
in the solution, I2 can be dissolved under formation of polyiodide ions [95, 96].
I− + I 2

I−
3

I− + I −
3

I2−
4

I−
3 + I2

I−
5

Polyiodide ions with more I atoms are also possible, but typically I− and I−
3 are the
−
prevailing species. In our recipe the initial I ions necessary to dissolve elementary
iodine are provided by the potassium iodide KI. An even higher solubility of iodide is
achieved if the solvent contains some ethanol.
In the experiments 2 % by weight of potassium iodide KI were dissolved in 70 %
by volume of ethanol the remainder being deionized water. Next, 3 % by weight of
elementary iodine I2 was added to the solution at 110 °C under constant stirring,
resulting in a dark red tincture. Similar mixtures are typically used to etch gold.
Iodide solutions are capable of dissolving gold, because gold forms Au(I) and Au(III)
complexes with halides and in particular with iodide [95]. Thereby the (anodic) oxidation process is described by
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Au + 2 I−

[AuI2 ]− + e−

while the (cathodic) reduction follows the following reaction equation.
−
I−
3 +2e

3 I−

The overall redox reaction can thus be obtained by stoichiometrically combining the
above equations [95, 83].
−
2 Au + I−
3 +I

2 [AuI2 ]−

In this reaction gold atoms from the solid phase are oxidized to the very stable [AuI2 ]−
complex which then goes into solution. In a similar reaction also the less stable complex
[AuI4 ]− may be created. As the reaction equation describes an equilibrium, the back
reaction where the complexed gold is reduced to the elementary form is also always
present. Thereby the relative rates for forth and back reaction are determined by the
concentration of [AuI2 ]− ions and hence the amount of gold already dissolved.
To obtain a solution capable of dissolving and depositing material, the I2 KI tincture had to be saturated with gold. The amount of gold needed was estimated to be
0.44 g/l by setting the Nernst equation for the corresponding redox reaction to zero
and solving it for the [AuI2 ]− concentration. Typically gold was added in excess to
guarantee the saturation of the solution. When enough gold had been dissolved, the
rates for dissolution and deposition compensated each other and effectively no more
gold was etched. Under these equilibrium conditions the balance between the two process directions could be influenced by an external voltage applied between the working
electrode that should be etched or deposited upon and a counter electrode. In most
cases gold was used as electrode material for both electrodes.
The gold saturated I2 KI solution was characterized by varying the bias voltage between two immersed gold electrodes from -1 to 1 V. As expected, nearly no deposition
current was measured at 0 V bias and hence gold was neither etched nor deposited.
When the voltage between the electrodes was increased a roughly exponential increase
in the deposition current was observed. As the applied voltage was switched from
positive to negative also the deposition current changed its sign. Evidently, deposition
and etching of gold on the working electrode was possible depending on the sign of
the deposition voltage. The measured deposition current was further fitted with the
Butler-Volmer equation 4.4 where an exchange current density j0 of about 2 mA/cm2
and a symmetry parameter α of 0.46 were found.
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Buffered CoSO4 solution
For the electrochemical deposition of cobalt a recipe from Deshmukh et al. [33] based
on an aqueous solution of cobalt sulfate (CoSO4 ) was adopted. In the experiments a
CoSO4 concentration of 0.22 M was used. Furthermore, 0.2 M citric acid and 0.12 M
potassium citrate were added to the mixture acting as a buffer system to adjust the pH
value and increasing the conductivity of the solution [33]. From the acidity constant of
citric acid, its concentration and the concentration of its conjugate base, the citrate, a
pH of 2.9 is expected.
In solution the cobalt sulfate dissociates into the Co2+ and the two times negatively
charged sulfate ions. At the cathode the cobalt ions can be reduced to elementary
cobalt
Co2+ + 2 e−

Co

which thereby precipitates onto the electrode. For the counter electrode typically
inert platinum or gold electrodes were used in our experiments. Therefore the first
anodic reaction energetically accessible to provide the electrons needed for the reduction
of Co2+ ions is the electrolysis of water molecules into hydronium ions (H3 O+ ) and
oxygen (O2 ).
6 H2 O

O2 (g) + 4 H3 O+ + 4 e−

The overall redox reaction is again obtained by stoichiometrically combining the two
equations.
2 Co2+ + 6 H2 O

2 Co + O2 (g) + 4 H3 O+

With the standard electrode potentials from table 4.5, the Co2+ concentration and
the pH value the electrode potential for the redox reaction can be calculated using
Nernst’s equation 4.3. The calculation yields a value of 1.36 V, which is the least
voltage between working and counter electrode necessary for cobalt deposition. The
actual voltage needed for observable deposition is expected to be even slightly higher
due to overpotentials caused for example by the serial resistance of the electrolyte.
In the experiments we found that a voltage of 1.4 V was needed to obtain a decent
deposition.
In this section we have seen that metal can either be deposited upon or etched from
a working electrode by an electrolyte solution depending on the voltage applied with
respect to a counter electrode. With the electrolytes introduced above, material was
deposited onto two nano-electrode templates acting as one working electrode while
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monitoring the conductance between them. This is shown in the next section.

4.3.2. Symmetric deposition of gold
As basis for the electrochemical deposition experiments template electrodes were patterned onto a silicon wafer covered with a 200 nm insulating silicon oxide layer by
means of electron beam lithography (as described in section 4.1). After evaporation
of 10 nm titanium as adhesion layer and 90 nm gold as electrode material a lift-off
was performed to obtain the templates. The process yielded electrode pairs with an
initial separation of about 200 nm as can be seen from the SEM micrograph depicted
in figure 4.22 (b) taken before electrochemical deposition.
Next, most of the electrodes was covered with resist to protect it from the electrolyte
solution. Only a small area around the initial gap was omitted to be accessible for the
deposition. It turned out that not all resists were able to withstand the ethanolic
electrolyte solution and some were dissolved during the process. The best results
were obtained with the very imperishable PMGI-SF8 resist (MicroChem Corp.), which
was either deposited manually under a binocular microscope or with an additional
photolithography step. The function of this resist cover was not only to protect the
electrodes but also to reduce the ionic current background in the monitoring circuit.
The so-prepared electrodes were then immersed into the electrolyte solution. For the
deposition of gold the gold saturated iodine potassium iodide solution discussed in
the previous section was used. As counter electrode a gold covered glass sheet was
employed in our setup.
For the actual deposition process both nano-electrodes were connected to the same
DC potential while the deposition voltage was applied with respect to the counter
electrode. Sometimes also a potentiostat setup was employed where the voltage is
currentlessly measured at a reference electrode to eliminate the serial resistance of the
electrolyte solution. At the same time an AC voltage was applied between the two
nano-electrodes and the corresponding current was measured with a lock-in amplifier
over a 100 Ω shunt resistance. An additional 150 Ω resistance was introduced into
the second branch to compensate for the internal resistance of the AC voltage source
and the shunt resistance and realize a symmetrical setup. With an asymmetric setup
typically also an asymmetric deposition was observed. A sketch together with images
of the actual setup is shown in figure 4.21.
For the deposition of gold from the I2 KI solution deposition voltages between 20
and 200 mV were applied. The AC voltage was kept as low as possible which typically
was 10 mV at a frequency of about 1 kHz. Figure 4.22 (a) shows an overview of the
electrical signals recorded during a typical gold deposition process. After about 200 s
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Figure 4.21.: (a) Schematic illustration and (b) photographic images of the experimental setup for symmetric electrochemical deposition.
the deposition voltage, shown in the upper diagram, was switched on to a value of
60 mV and a corresponding deposition current was measured. During the deposition
process the current, which is assumed to be proportional to the electrode area and
a measure for the material deposited, slowly increased. This can be attributed to
an increase of the sample surface, which is corroborated by the SEM micrograph in
figure 4.22 (c) taken after deposition. It shows a much rougher surface covered with
gold crystallites compared to the reference image 4.22 (b) taken before the deposition.
Finally, after about 18 min the conductance depicted in the lower diagram steeply
increased indicating that the nano-electrodes had grown together.
If one takes a closer look at the monitoring conductance at the begin of the process,
which is done in figure 4.23, one can see that there are two distinct jumps. Between
0 and 100 s the sample was not yet immersed into the electrolyte solution and the
conductance measured at that point mainly reflects the noise floor of our setup. After
about 100 s the sample was immersed into the electrolyte, which coincides with the
first step in the conductance. At this time the deposition voltage was still switched
off and the increase in the monitoring conductance can be attributed to the ionic
conductance of the electrolyte between the 200 nm separated electrodes. The height
of this step depended on the area of the electrodes exposed to the electrolyte, which
was therefore kept as small as possible. After about 200 s the deposition voltage was
switched on, which caused a second step in the monitor conductance. At first glance
the reason for this is not obvious as the DC deposition voltage should not influence
the AC monitoring circuit. On the other hand the electrostatic potential induced by
the deposition voltage will cause the ions in the electrolyte to move and locally change
their concentration. This change in concentration between the nano-electrodes is then
reflected in the AC monitoring current. It is important to note that at this stage of
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Figure 4.22.: (a) Electrical signals recorded during the electrochemical deposition of
gold: the deposition voltage (blue), the corresponding deposition current (red) and the monitor conductance (green). SEM micrographs of an
electrode pair (b) before and (c) after the deposition process.
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Figure 4.23.: Monitor conductance at process begin. Two steps are visible in the conductance trace coinciding with the immersion of the sample into the electrolyte and the deposition voltage being switched on.
the process the monitor conductance was still clearly below the conductance quantum
G0 = 2e2 /h, at least when the electrodes were properly protected by PMGI-SF6 resist.
This is important, because the conductance rising over G0 is taken as a criterion that
the electrodes touch each other.
With the process illustrated in this section it was possible to grow two separated
electrodes together where the speed of growth could be controlled by the deposition
voltage. The process was monitored via an AC conductance measurement between
the two electrodes. When this conductance exceeded the conductance quantum G0 it
was assumed that the electrodes had joined and the main electric transport occurred
by metallic conductance. In the next section it is shown that the electrodes could be
separated again by applying a negative deposition voltage and thereby etching away
material.

4.3.3. Cyclic deposition and etching
In the previous section it was shown that applying a positive voltage with respect to the
counter electrode results in a positive deposition current and hence in the deposition
of gold onto the working electrodes. However, when the deposition voltage was set
to negative values also the deposition current became negative corresponding to the
oxidation and dissolution of gold atoms. Thereby the separation between the two nanoelectrodes was increased or the electrodes could be opened again after they had grown
together.
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Figure 4.24 (a) shows an excerpt of the electrical signals recorded during a process
where the deposition voltage was switched between -30 mV and 80 mV each time the
monitor conductance reached a lower (0.2 G0 ) or an upper (7 G0 ) threshold value indicated by horizontal lines in the lower diagram. Thereby, the electrodes were cyclically
closed and re-opened.

10 µm

5 µm

(b)

(a)

Figure 4.24.: (a) Electric signals recorded during a cyclic deposition and etching process: the deposition voltage (blue), the corresponding deposition current
(red) and the monitor conductance (green). In the conductance diagram
the threshold values are indicated by horizontal lines. (b) SEM micrographs of an electrode pair after a deposition process with 60 cycles.
One can also observe that the deposition current was slowly rising throughout the
process. From the findings in the previous section it can be concluded that the electrode
surface had increased even though the conductance between the electrodes was always
kept in the same range. This process can therefore be regarded as quasi-reversible, because the contact can be closed and re-opened and the distance between the electrodes
can either be reduced or increased, but this is accompanied by an irreversible change
of the electrode morphology. This change is also evident from the SEM micrographs
in figure 4.24 (b) taken after a cyclic deposition and etching process with 60 cycles.
It was not only possible to close and re-open the nano-electrodes, as outlined in this
section, but we were also able to very accurately control the coalescence process by
setting an appropriate deposition voltage. This control could be extended to a regime
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where single atoms arranged between the two electrodes giving rise to conductance
quantization.

4.3.4. Quantized conductance in electrochemically grown
electrode pairs
In this section a closer look at the monitor conductance is taken in the phase where
the electrodes finally grow together. When the deposition voltage was kept low enough
and therefore the deposition of gold atoms was slow, some samples showed a steplike evolution of the conductance similar to that observed in electromigration. One
exemplary conductance trace is shown in figure 4.25.
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Figure 4.25.: Monitor conductance recorded during the coalescence phase of a slow
electrochemical gold deposition process. The conductance increases in
steps of integer multiples of G0 .
The monitor conductance was recorded during a gold deposition process performed
according to the specifications given in section 4.3.2 and driven with low deposition
voltages between 20 and 70 mV. It can be seen from the diagram that the conduction
increased roughly in steps of integer multiples of the conductance quantum G0 = 2e2 /h.
Prominent steps are visible at 2, 6, 10, 14 and 15 G0 . Another very common way to
plot the data is a conductance histogram where the occurrence is plotted over the
corresponding conductance value. A conductance histogram gained from the data in
figure 4.25 is depicted in figure 4.26.
In this representation the cumulative occurrence of integer multiples of G0 is even
more obvious. Following the same interpretation as in the case of electromigration, each
step in the conductance trace or each peak in the histogram is attributed to an atomic

127

4. Electrode fabrication
160
140

Counts

120
100
80
60
40
20
0
0

2

4

6

8

10

12

14

16

Conductance (2e2/h)

Figure 4.26.: Conductance histogram for the coalescence phase of a slow electrochemical gold deposition process. The conductance preferentially takes values
of integer multiples of G0 .

configuration of the nano-junction with only a few atoms bridging the electrodes. The
conductance of the junction is then again governed by the number of transport channels
and the corresponding transmission rates, as already outlined in section 4.2.3. From
these observations we conclude that besides electromigration also our electrochemical
deposition process is suited to prepare metallic quantum point contacts. Conductance
quantization in electrochemically grown nano-electrodes was also reported by Morpurgo
et al. [81] and He et al. [51].
The fact that conductance quantization has been observed during the fabrication
of the nano-electrodes indicates how accurate the control of the deposition process
was. This degree of control should also allow us to prepare separated electrodes with
a very small distance and adjust their separation. Therefore the two electrodes were
first grown together. After the conductance had reached a few G0 , the deposition voltage was set to a small negative value until the integrated deposition current, which
corresponds to the amount of material electrochemically etched, had reached a preset
amount and the junction was re-opened. This approach yields the advantage that one
does not directly depend on the monitor conductance as measure for the electrode separation, which is influenced by many parameters like for example the exposed electrode
area. Often connected electrodes with a conductance of a few G0 also spontaneously
re-opened when the deposition voltage was switched off and the sample was removed
from the electrolyte, rinsed and dried. The resulting tunneling junctions are analyzed
in the following section.
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4.3.5. Tunneling characteristics of nano-electrodes
After rinsing with deionized water and drying with nitrogen many electrode pairs
showed a conductance clearly below G0 and had a typical tunneling I-V characteristic.
This was either the case when the electrodes were deliberately re-opened by electrochemical etching or sometimes just happened spontaneously during sample removal
from the electrolyte. An exemplary I-V curve is depicted in figure 4.27.

500 nm

Figure 4.27.: I-V characteristic of an electrode pair after electrochemical deposition
showing tunneling behavior. The solid line shows a fit with Simmons
formula using an electrode separation s = 1.00 nm, a barrier height ϕ =
3.58 eV, and a contact area A = 4.81 · 10−17 m2 as fit parameters. Inset:
SEM micrograph of the respective junction.
The currents measured in this sample were in the pA regime and the curve shows
the s-shaped characteristic typical for tunneling junctions. In the diagram also a fit
with Simmons formula (2.9) is plotted. The parameters for the calculated curve were
a barrier width s = 1.00 nm, a barrier height ϕ = 3.58 eV, and a junction cross section
A = 4.81·10−17 m2 . The barrier height is again a little bit lower than the expected work
function of gold, but this can be attributed either to the simplicity of Simmons’ model
or to electrons tunneling through the SiO2 substrate. For a more detailed discussion
regarding the barrier height see the respective electromigration section 4.2.4. Even
though the reason for the low barrier height is not completely elucidated yet, this
analysis implies that the distance between the two electrodes is rather small. We
therefore conclude that the electrochemical deposition scheme yields nano-electrodes
with a separation of less than 2 nm.
Very often also much higher tunneling currents were observed after electrochemical
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deposition. However, the corresponding I-V curves could not satisfyingly be fitted with
the Simmons formula. The reason for this might be the break down of Simmons’ model
for very thin barriers or the presence of a thin water film on the sample.
In this section we have seen that electrochemical deposition is capable of producing
nano-electrodes with a separation of less than 2 nm, which is comparable to the results accomplished with electromigration. In the experiments discussed so far a I2 KI
electrolyte solution was used and the material deposited was gold. However, the electrochemical deposition process was also extended to other electrolytes suitable to deposit
different metals. In particular it was possible to deposit ferromagnetic cobalt, which
will be the topic of the next section.

4.3.6. Symmetric deposition of ferromagnetic cobalt
With the setup presented in the previous sections it is in principle also possible to
deposit ferromagnetic metals such as cobalt or nickel. In the following experiments
we used the buffered CoSO4 solution from reference [33] introduced in section 4.3.1.
Deshmukh et al. had shown that cobalt could be deposited with this electrolyte.
For the deposition process voltages up to 1.5 V were used while the monitoring AC
voltage was kept constant at 10 mV. In figure 4.28 (a) the electrical signals recorded
during an exemplary cobalt deposition are depicted. In this experiment the deposition
voltage was set to 1.4 V and a positive deposition current was measured indicating
the deposition of cobalt onto the template electrodes. This is in good agreement with
the electrochemical consideration in section 4.3.1, which predict a minimum required
deposition voltage of 1.36 V.
The monitor conductance plotted in the lower diagram showed a relatively pronounced increase when the deposition voltage was switched on. As outlined earlier,
this effect is presumably related to a change in the ion concentrations around the
nano-electrodes due to the deposition voltage, which causes an increase in the ionic
conductance. After the step-like increase at 110 s process time the conductance stabilized to about 0.1 G0 until it steeply skyrocketed at 430 s to values clearly above G0
indicating a connection between the two electrodes. The steepness of the rise shows
that the growth was very fast and not as controlled as in the case of gold deposition.
Also smaller voltages have been tried to achieve a better control over the deposition,
but this usually resulted in electrode pairs not growing together at all. This is, however, not surprising when we consider the expected minimum deposition voltage of
1.36 V. Further experiments have to be performed and the electrolyte recipe needs to
be optimized to improve the control over this process. One strategy might be to use
a sacrificial cobalt counter electrode, which would be dissolved during the deposition
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2 µm

(b)
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Figure 4.28.: (a) Electric signals recorded during the electrochemical deposition of
cobalt: the deposition voltage (blue), the corresponding deposition current (red) and the monitor conductance (green). (b) SEM micrograph of
an electrode pair after the deposition process.
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process. This is expected to largely reduce the electrode potential and resembles the
situation present for the deposition of gold.
Figure 4.28 (b) shows a SEM micrograph of the electrode pair taken after the deposition process. It can be seen that the original gold templates were covered by cobalt
crystallites.
Until now it was shown that electrochemical deposition is capable of fabricating
nano-electrodes of magnetic and non-magnetic material. With these results it is on
par with the electromigration process, however it is a much more laborious process
and involves the not so well controlled transfer of the electrodes out of the electrolyte
solution. In the following section an asymmetric deposition process is discussed, which
permits to produce hetero-electrodes of different materials. This is not possible with
any other method and might make up for the bigger effort of the process.

4.3.7. Asymmetric deposition - fabrication of hetero-electrodes
For an asymmetric deposition of material, the experimental setup introduced in section
4.3.2 had to be slightly modified. To prevent the deposition onto one of the electrode
templates this electrode was decoupled from the DC circuit by introducing a capacitor
as proposed by Deshmukh et al. [33]. Consequently, on average no charges could enter
or leave the electrode via the external circuit and no material was deposited or etched.
On the other hand, the capacitor is permeable for AC currents with higher frequencies, which allowed us to still monitor the conductance between the nano-electrodes
as a measure for their separation. A schematic of this modified setup is depicted in
figure 4.29 (a).
VDC

VAC

lock-in
amplifier

~
100 Ω

C

(a)

(b)

Figure 4.29.: (a) Schematic of the experimental setup used for asymmetrical deposition
with the right template electrode decoupled by a capacitor and (b) a
colorized SEM micrograph of a pair of platinum electrode templates after
asymmetric deposition of gold onto the left electrode.

132

4.3. Electrochemical deposition
For the capacitance typically a film capacitor with 4.7 µF was used. Together with
a frequency of 1.23 kHz for the AC monitoring voltage (typically 10 mV) an AC resistance of about 10 Ω was calculated. Therefore the monitoring current could pass
the capacitor nearly unaffected and it was still possible to determine the conductance
between the nano-electrodes.
For the first experiment platinum electrodes were used as template and gold was
deposited from the I2 KI electrolyte introduced in section 4.3.1. The deposition voltage
was again set to values between 80 and 120 mV. Figure 4.29 (b) shows a SEM micrograph of such a platinum electrode pair after asymmetric deposition of gold. The image
was additionally colorized to emphasize the different materials. The original platinum
electrodes were colored in gray, while the crystallites presumably deposited during the
process were colored yellowish as they are assumed to be gold. The underlying silicon
oxide substrate was colored in green.
From the image one can clearly see that gold was only deposited onto the left electrode while the right electrode, which was attached to the capacitor, is still untouched.
However, not the whole area of the left electrode is covered with gold. Most of the material was deposited close to the tip of the electrode. This phenomenon did not occur
in all experiments but was observed on several samples. One possible explanation is
that there was a strong field enhancement effect at the sharp tip of the electrodes due
to their different potential, which was not present when they were kept at the same DC
potential. As the effect was not always observed, the remaining process parameters
also seem to have an influence. One strategy to avoid selective deposition at the tip
might be to apply a high deposition voltage at the begin of the process to generate
seed crystals everywhere on the electrode and to reduce the bias later on to achieve a
controlled deposition.
The control over the asymmetric deposition process is comparable to that for the
symmetric one. Figure 4.30 shows a monitoring conductance trace recorded during
an asymmetric gold deposition process with a deposition voltage of 120 mV. In the
diagram again steps at integer multiples of the conductance quantum G0 are visible.
As discussed earlier, these steps correspond to specific configurations of the junction
at the atomic level and show the excellent control over the process.
In a second experiment the asymmetric deposition of magnetic material was investigated. Therefore the setup introduced above was used together with the buffered
cobalt sulfate solution from section 4.3.6. As material for the electrode templates gold
was chosen. For the process again a deposition voltage of 1.4 V was employed and the
conductance was monitored with a 10 mV AC voltage. Two SEM micrographs of an
electrode pair after asymmetric deposition of cobalt are shown in figure 4.31.
The images show that cobalt crystallites were only deposited onto the left electrode
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Figure 4.30.: Monitor conductance recorded during an asymmetric deposition of gold:
steps at integer multiples of G0 are visible.
while the right one, which was decoupled by the capacitor, remained unaltered. The
upper SEM micrograph shows a top view of the electrode pair, whereas the lower one
was taken under an angle of 70 to 80°. In addition, the lower image was colorized
to illustrate the different materials on the sample. Green represents again the silicon
oxide from the substrate, yellow was used for gold, and purple for cobalt.
The crystallites deposited onto the left electrode show a very rough morphology.
This might have disadvantages if one wants to place nano-objects between the two
electrodes and image them either by SEM or by scanning probe techniques. As a
work around one could start from templates with a smaller electrode separation, which
would reduce the required deposition time and hence the thickness of the deposited
film. Another approach is to work with reduced deposition speed as it was reported
that a slower deposition tends to yield smoother films [33]. Finally, special additives
are known from the electrochemical filling of microvias and interconnects to improve
the morphology and roughness of the deposited film. Further experiments have to be
carried out to optimize the process in terms of film quality following the approaches
mentioned.
In this section a fabrication technique for hetero-electrodes made from two different
materials with a very good control over the electrode separation was demonstrated.
These hetero-electrodes open very interesting possibilities for further experiments.
The gold platinum electrode pairs may for example be used to contact bi-functionalized molecules. By means of organic chemistry it is possible to synthesize molecules
with distinct functional groups such as thiols and isonitriles [125]. If one now takes a
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Figure 4.31.: SEM micrographs of a pair of golden electrode templates after asymmetric
deposition of cobalt. Cobalt crystallites were only deposited onto the left
electrode, while the right one remained untouched.
molecule with one group preferentially binding to gold (e.g. a thiol group) and a second
group with an affinity to platinum (e.g. a isonitrile group), an oriented deposition
onto the hetero-electrodes is conceivable. This scheme would be a large step into the
direction of single molecule electronics.
On the other hand, ferromagnetic hetero-electrodes offer an interesting tool for spintronic applications. If e.g. nickel electrodes had been taken as template in the experiment above, the result would have been a pair of two ferromagnetic electrodes with
a separation of only a few nanometers and with different magnetic properties. In particular, the coercive fields of cobalt and nickel differ by a factor of more than ten and
hence the electrode magnetization is expected switch at different external fields. This
feature is the prerequisite to observe tunneling magnetoresistance as discussed in 2.6.1.
If such a pair of electrodes is employed to contact a quantum dot, a QD spin valve may
be realized (see section 2.6.2).
In this chapter two alternative techniques besides electron beam lithography were
introduced to fabricate nano-electrodes. Both methods were compared and their individual advantages and drawback were pointed out. The prepared nano-electrodes
open a wide field of possible applications including single-electronics, molecular electronics, and spintronics. According to the requirements of the desired experiment the
appropriate technique can be chosen. In this work nano-electrodes were used to contact individual semiconductor quantum dots. Thereby the electromigration scheme
was used to fabricate most of the devices presented in the next chapter.
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Different combinations of the techniques introduced in the previous two chapters were
employed to fabricate nano-electronic single-electron devices. In this chapter the electrical characterization of these devices is addressed and their properties are compared
to numerical simulations and similar experiments in literature.
In section 5.1 the measurement setup used to characterize the samples at cryogenic
temperatures is briefly illustrated. Section 5.2 covers the electrical measurements on
samples based on silicon-on-insulator quantum dots (SOI-QDs). Finally, in section 5.3
the results on CdSe/ZnS core/shell quantum dot based devices are presented.

5.1. Measurement setup
To electrically characterize the samples, they were glued and bonded onto a custom
made chip carrier. The chip carriers consisted of a little PCB with bond pads for 18
signals, a sample back contact and an electric shield plane. The 20 leads of the chip
carrier were designed to fit the corresponding socket on the sample holder depicted
in figure 5.1 (b), which allowed us to connect the signals within a liquid helium bath
cryostat. It was possible to contact up to 14 devices in parallel on the same sample.
The transport experiments were carried out at low temperature, typically at 4.2 K.
Therefore the samples were mounted in a liquid helium bath cryostat. The cryostat
was equipped with a liquid helium resevoir and a liquid nitrogen shield as sketched in
figure 5.1 (a). The sample was placed in the sample chamber and the liquid helium inlet
was controled via a manual valve. Furthermore, a diode to measure the temperature
and an electrical heater were connected to a feedback control system, which in principle
allowed to adjust and hold a desired chamber temperature. However, it was found
that the electrical heater would interfere with the low current measurements and was
therefore switched off during the actual data acquisition.
For plain I-V measurements a Model 236 Source-Measure Unit (SMU) from Keithley
Instruments Inc. was used. This device had a variety of different integration and
filtering settings and, provided the adequate adjustment of these parameters, it was
capable of sourcing voltages down to 0.5 mV and at the same time measuring currents
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Figure 5.1.: (a) Schematic illustration of the setup used to directly measure the differential conductance of a device mounted in a liquid helium bath cryostat
and (b) an image of the respective sample holder with sample.
in the pA range. For measurements in this regime long integration times were required
accumulating to about 15 min for an I-V trace with 201 points.
From the measured I-V curves the differential conductance could be obtained by
numerical differentiation. Therefore the delta in current between two subsequent data
points was divided by the corresponding delta in the applied voltage. Unfortunately,
the noise present in the measured I-V data was amplified by this technique, especially
when the points on the voltage axis were very dense and the difference in current was
small. To circumvent this problem the measured data was smoothed by a numerical
low-pass filter before differentiation. Care was taken not to distort the original shape
of the curves or to smear out features that were of interest by the filtering procedure.
Alternatively, the differential conductance could be measured directly with a lock-in
amplifier technique. The setup for this technique is sketched in figure 5.1 (a). Again a
Keithley SMU was used to source the bias voltage across the device under test (DUT).
This bias voltage was then superimposed with an AC voltage from the internal oscillator
of a Stanford Research SR830 lock-in amplifier by a summation operational amplifier
circuit. As depicted in the sketch, this sum signal was then connected to one lead of
the DUT, while the other lead was connected to a current amplifier which converts
the current through the device into a voltage. This voltage was fed into the lock-in
amplifier input jack. The lock-in amplifier correlates (multiplies) the input voltage with
its internal reference oscillator and thereby filters the part in the signal which changes
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with the frequency of the oscillator and rejects the DC part and any other frequency
components. If this periodic change in the current through the device is divided by
the amplitude of the oscillator, the result equals the differential conductance for the
bias adjusted at the SMU. At the same time, the voltage from the current amplifier
was measured with a second SMU whose internal filters extracted the DC part of the
signal and provided a parallel I-V measurement. The lock-in amplifier was typically
operated with an oscillator frequency of 12.3 Hz and an amplitude of 10 mV.
One main advantage of directly measuring the differential conductance was a strong
suppression of noise due to the lock-in technique. In addition, no further noise amplification was generated during numerical differentiation. Hence, the quality of these
differential conductance curves easily outperformed those obtained from direct I-V
measurements. On the other hand, an even longer measurement time was necessary.
Depending on the date on which an experiment was performed and on its requirements
with respect to measurement time, either one of the above setups was employed. Earlier experiments were typically carried out with direct I-V measurements, while the
lock-in setup was used in more recent investigations when applicable.

5.2. Measurements on SOI-SiQDs
Single-electron devices based on SOI-QDs were fabricated employing the techniques
described in the previous chapters. Samples covered with silicon quantum dots and
quantum discs were obtained by etching into a SOI substrate according to section 3.1.
To utilize these silicon nanostructures as islands in SET devices they had to be contacted with nano-electrodes. Therefore electrodes were fabricated either by direct writing with electron beam lithography (section 4.1) or with the electromigration technique
described in section 4.2.6. In the former case an array of thousands of nano-electrode
pairs was written onto the QD covered sample and promising devices were selected by
SEM investigation and contacted with bond pads in a second EBL step. In the latter
case metallic nano-wires were patterned on top of the QDs and broken with electromigration such that the gap preferentially aligned to the QDs already present on the
sample. In both cases the native oxide on the silicon structures served as tunneling
barrier.
The electrical measurements presented in the following sections were performed at
4.2 K. First, I-V and dI/dV-V measurements were conducted at a constant or without
a gate voltage to characterize the devices (section 5.2.1). Next, if a sample showed
single-electron tunneling behavior, the bias voltage was kept constant and the gate
voltage was swept (section 5.2.2). Finally, I-V and dI/dV-V curves were taken for a
range of different gate voltages and a so-called stability diagram was obtained for the
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sample as shown in section 5.2.3.

5.2.1. I-V measurements
Samples with 100 nm silicon quantum discs were contacted by direct electron-beam
writing. After the selected devices had been equipped with bond pads, the samples
were attached to a chip carrier and mounted in the liquid helium bath cryostat for the
measurements. Then the current through each device was measured as a function of the
applied bias voltage. Many devices showed no current at all in the voltage range from
-3 V to 3 V. Some of these devices expressed a Fowler-Nordheim tunneling behavior
when even higher voltages were applied. However, a few devices showed feature-rich
I-V and dI/dV-V curves even at voltages below 0.2 V. An exemplary dI/dV-V trace
recorded with the lock-in amplifier technique is depicted in figure 5.2.
A:
VB
EC

B (VSD>0):

VB

C (VSD<0):

500 nm

VB

Figure 5.2.: dI/dV-V curve measured at 4.2 K on a 100 nm silicon quantum disc contacted with EBL electrodes. Together with the measurement a calculated
curve is shown. Inset: SEM micrograph of the device. On the right there is
a band diagram illustration of the device in the Coulomb blockade regime
(A) and at a the positive threshold voltage (B), where the first state becomes available for transport. In (C) the same voltage with negative sign
is applied.
The curve shows a plateau around 0 V bias with a width of about 50 mV. On
the negative voltage side, the conductance starts to rise at a threshold voltage of
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-15 mV and subsequently exhibits 4 fairly equidistant peaks with a mean spacing of
about 50 mV. On the positive voltage side, the conductance is set on at a voltage of
about 27 mV. Here one strong conductance peak is followed by a weaker one partially
obstructed by a general increase in conductance. The peak spacing on the positive side
can be estimated to be on the order of 80 mV.
These findings can be interpreted the following way: The SET island consists of a
boron-doped silicon quantum dot which has an acceptor binding energy of 45 meV.
Therefore, the Fermi level is expected to lie close to the valence band edge as depicted
in sketch (A) of figure 5.2. The actual position of the Fermi level is also influenced
by the background polarization charge Qp . When a positive bias voltage is applied
to the device as sketched in (B), the Fermi level of the left reservoir is lowered while
the right one is increased. The fact that the positive threshold voltage is higher than
the negative one indicates that the voltage drop across the two tunneling barriers is
slightly asymmetric, expressed by a voltage division ratio η = C1 / (C1 + C2 ) above 21 .
The Fermi level of the left reservoir is scanned through the valance band of the silicon
island, while the right one is driven into the band gap. As soon as the left Fermi
level reaches far enough into the valence band to provide the Coulomb charging energy
EC , one electron can tunnel out of the island into the left reservoir. When the island
state is unoccupied, an electron from the right reservoir may tunnel into the island
reoccupying the state and the sequence is repeated. This effect is called sequential
tunneling as discussed in section 2.4. By further increasing the voltage, the island
may be charged with additional electrons providing independent transport channels
and leading to a peak in the conductance trace. When the same voltage is applied
with a negative sign, the Fermi level of the left reservoir is elevated into the band gap
while the right one is reduced. Due to the voltage division ratio the right Fermi level
reaches further into the valance band as the left one did with the same positive voltage.
Therefore the conductance sets in at a lower threshold voltage, the states are scanned
faster and the peak spacing is reduced.
The electrical behavior of the device was simulated employing the orthodox theory
approach outlined in section 2.4.2, which was originally developed for metallic islands
[76]. However, the island in our experiment was a silicon quantum dots, which has
two major consequences. Firstly, a quantum dot usually shows discrete energy levels
due to the confinement of the electrons. In the present case the size of the quantum
dots was very large compared to the exciton Bohr radius of silicon, which is about
4.3 nm. Therefore confinement was expected to be weak and discrete energy levels
should not be observable. Secondly, as silicon is a semiconductor, the island should
have an energy gap EG where no states are available enclosed by parabolic conduction
and valence bands. Hence, for the calculations presented here the orthodox theory had
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to be extended to account for an appropriate, energy dependent density of states on
the island (appendix A.1).
For the calculations a capacitance C1 = 2.91 aF for barrier 1 and C2 = 1.56 aF
for barrier 2 was used. This corresponds to a division ratio η of 0.65 and a Coulomb
e2
of 18 meV. Furthermore, a background polarization charge
charging energy EC = 2C
Qp of −0.8 e had to be assumed to obtain the right plateau width around 0 V bias. The
calculated dI/dV-V curve is plotted as solid line together with the measured data in
figure 5.2. From the diagram it can be seen that the peak positions of the measurement
are reflected reasonably well by the calculated curve. However, the agreement in terms
of actual amplitude of the conductance is rather poor. The reason for this discrepancy
may be a dependence of the tunneling coefficient on the bias voltage, which is not
completely captured in the model.
From the overall capacitance of the island C = 4.47aF extracted from the calculations
one can estimate the island size. Therefore the island is modeled as a conducting sphere
in a homogeneous dielectric medium with an effective permittivity ε. The capacitance
of such a sphere is given by C = 4πεR. For the vacuum permittivity ε0 an island
radius of 40 nm is obtained. As the SiO2 substrate has a relative static permittivity εr
of 4.5, the effective permittivity will be roughly a factor of 2 higher than the vacuum
value leading to an island radius of about 20 nm. Considering the simplicity of this
model, the result is in reasonably good agreement with the nanodisc thickness of 38 nm
and the diameter of 95 nm found in section 3.1.4. Furthermore, a study published by
Franceschetti and Zunger [40], which determines the Coulomb energy by calculating
the polarization self-energies from the wave functions in a silicon QD, also shows good
agreement with the capacitance model.
As the fabrication of devices with islands smaller than the nanodiscs by direct
electron-beam writing proved to be rather difficult, the self-aligned electromigration
technique was used to contact samples with nominally 50 nm silicon quantum dots
[128]. The electromigration process was performed in the liquid helium bath cryostat
at 4.2 K and electrical measurements were conducted directly afterwards to characterize the devices. Besides tunneling current behavior and open contacts, some devices showed I-V curves with current suppression around 0 V bias, presumably due to
Coulomb blockade. The plateau was typically between 50 and 100 mV wide. In addition, some contacts also showed a Coulomb staircase with several steps. In figure 5.3
an exemplary I-V trace is depicted. The curve shows a clear plateau around 0 V bias
with a width of about 50 mV. The positive threshold voltage for the current to set in
is about 20 mV and the negative one is -30 mV.
Together with the gate dependent measurements presented in the following sections
it was found that the device exhibits a behavior similar to metallic SETs. This may be
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A:

EC

B:

500 nm

Figure 5.3.: I-V measurement taken at 4.2 K on a 50 nm SOI-QD sample directly after
electromigration [128]. Together with the measurement a calculated curve
is shown. Inset: SEM micrograph of the device. On the right there is a
band diagram illustration of the device in the Coulomb blockade regime
(A) and at the positive threshold voltage (B) where current sets in.
explained by a large negative background polarization charge Qp , which is shifting the
island potential upwards such that the Fermi levels of the electrodes become situated in
the valence band. For a situation like this the characteristics of the device are expected
to be equivalent to a metallic SET with the exception of a smoothly changing density
of states on the island.
In the Coulomb blockade regime around 0 V bias the Fermi levels of the two electrodes were both situated between one always filled and another always empty level on
the island separated by the Coulomb charging energy EC . The situation is depicted
in the schematic band diagram labeled (A). When the bias voltage was increased over
a threshold value labeled (B), current flow set in. Now one level on the island was
energetically enclosed by the positions of the two electrode Fermi levels and electron
transport became possible via sequential tunneling. The actual positive and negative
threshold voltages are determined by the voltage division ratio and the background
polarization charge. When the bias is further increased, more island states are enclosed by the reservoir Fermi levels offering additional transport channels. Contrary to
the situation at the band edge discussed above, here the spacing of steps is equal for
positive and negative bias voltages.
The electrical characteristic of the device was again modeled with the orthodox
theory extended for the non-constant density of states on the island. The calculated
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I-V curve is plotted as solid line together with the measured data in figure 5.3. For
the calculation a capacitance C1 = 1.38 aF for barrier 1 and C2 = 2.76 aF for barrier 2
was used, which corresponds to a Coulomb charging energy EC of 19.4 meV. For the
background polarization charge Qp = −3.875 e was assumed. The diagram shows that
the orthodox theory curve agrees well with the measured data.
From the calculation an overall island capacitance of 4.1 aF could be extracted, which
was again used to estimate the island size. The self-capacitance of a sphere model yields
a diameter of 74 nm for the vacuum permittivity. With a realistic value for the effective
permittivity a diameter between 30 and 50 nm is expected. This is again in very good
agreement with the device dimensions of 40 nm found in section 3.1.4.
Comparing our results to experiments in literature one finds that also other groups
have measured I-V curves with similar properties. Klein et al. [66, 65] for example
contacted CdSe nanocrystals with EBL electrodes and obtained I-V curves with a
plateau width of a few ten millivolts, which is much smaller than the band gap of CdSe.
Thereby they proved that the background polarization charge is actually capable of
moving the island potential such that the electrode Fermi levels energetically lie in the
valence band of the semiconductor and the SET behaves like a metallic one. Compared
to our experiments the plateau was narrower and therefore the capacitance larger even
though the quantum dots were smaller. On the other hand the authors write that they
would have expected a slightly larger charging energy. Furthermore, not only the size
of the island but also the actual geometry of the electrodes has an influence on the
device’s capacitance.
Choi et al. [30] also contacted silicon quantum dots synthesized by a conventional
low pressure chemical vapor deposition process with EBL electrodes. They observed a
plateau of roughly 180 mV in their I-V measurements and concluded that their silicon
dot might have a size of about 7.3 nm. Considering the smaller plateau in our measurements this is in good agreement with the results presented above. In their analysis
Choi et al. also treated the silicon island device like a metallic SET.
Hu et al. [55] used a top down approach to pattern a full silicon SET into a SOI
substrate. The island was reported to be about 20 nm in size and the plateau width
observed in the measurements was up to 30 mV. From that the authors concluded
that the overall capacitance was 10 aF. This value is about 2.5 times higher than
what we observed, even though our islands were a factor of 2 larger. On the other
hand the authors report a gate capacitance of up to 3.2 aF, which adds to the overall
capacitance. In our experiments the gate coupling is much weaker (see next section).
The group around Saitoh [101, 100] also prepared silicon SET devices and observed
a plateau in the I-V characteristic with a width of 270 mV. Their island was believed
to have a diameter of about 5.3 nm. Again, considering a factor of about 7.5 in size,
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the plateau width and charging energy is comparable but slightly less than what we
observed in our experiments.
Zhuang et al. [131] also fabricated a device fully based on a SOI substrate. The
authors claimed to have an island with a size of about 16 nm and saw a charging
energy of 98 meV corresponding to a maximum plateau width of about 200 mV. These
results are also in accordance with our measurements, even though their estimated
charging energy is slightly lower.
In summary our results do generally agree well with a large spread of experiments
reported in literature. The charging energy with respect to island size that we have
observed seems to lie on the upper end of the range. This might be due to the fact
that our islands were among the largest ones in the comparison.
Besides devices like the ones discussed above, a few contacts prepared with the electromigration technique showed Coulomb blockade behavior with much higher charging
energies. These I-V curves could not numerically be reproduced with a reasonable size
for the silicon QDs. They are assumed to be caused by small metal islands created
during the electromigration process, which also happened on samples with no silicon
QDs present (see section 4.2.5).

5.2.2. Gate-dependent measurements
Our devices were also equipped with two lateral gate electrodes and additionally the
silicon substrate was used as a back gate. Typically these three gate electrodes were
connected to have the same potential. On all devices that showed an interesting I-V
characteristic gate dependent measurements were performed. Therefore the sourcedrain voltage was kept at a constant value and the gate voltage was varied. Gate
voltages from -15 to 15 V were typically applied unless a noticeable leakage current
was detected.
Many of the devices that exhibited single-electron tunneling behavior and a Coulomb
blockade in the I-V measurements did not react to a variation of the gate voltage. However, some samples showed a gate dependent modulation of the conductance. Figure 5.4
shows a plot of the source-drain conductance as a function of applied gate voltage for
the 50 nm SOI quantum dot device introduced in the previous section.
The conductance trace shows a very low base value and distinct peaks with a nearly
periodic spacing of 5 V. In the band diagram illustration on the right the low conductance (A) corresponds to a Coulomb blockade situation where the electrode Fermi
levels were both located between one always filled and another always empty level on
the island separated by the Coulomb charging energy EC . When the gate voltage is
increased the island potential is shifted downwards. A peak like (B) occurs each time
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Figure 5.4.: Source-drain conductance of a 50 nm SOI-QD device as a function of applied gate voltage for a fixed source-drain voltage of 10 mV. Together with
the measurement a calculated curve is shown. On the right there is a band
diagram illustration of the device in the Coulomb blockade regime (A) and
when one level on the island is aligned to the source and drain Fermi levels
(B) and resonant transport is possible.
an island state aligns with or falls in between the two electrode Fermi levels. Hence,
the peak spacing corresponds to the Coulomb charging energy divided by the gate
capacitance Cg . This conductance modulation is typical for SET devices and allows
one to switch the device from a non-conducting into a conducting state. The irregular
peak around -4.5 V is attributed to a temporal charge rearrangement in the electrostatic environment of the island. This interpretation is corroborated by the fact that
the feature did not appear in the stability diagram measurements presented in the next
section.
From the peak spacing of this measurement and the Coulomb energy EC = 19.4 meV
obtained in the previous section the gate capacitance was calculated to be 0.0325 aF.
With these parameters the gate dependent conductance of the device was numerically
simulated again employing the extended orthodox theory code. The calculated curve is
plotted as solid line together with the measured data in figure 5.4. The peak positions
of the simulated curve generally coincide well with the measured ones, however, the
absolute height is not reflected. The reason for this discrepancy is not yet understood.
The gate capacitance found in the measurements is comparatively small and means
that the coupling efficiency of the gate is low. As a consequence, the voltages that need
to be applied to switch the device are rather high. For future devices a better coupling
of the gates to the island would be desirable. This can either be achieved by decreasing
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the distance of the lateral gates to the island. However, this approach involves a strong
complication in electron beam lithography and holds the risk of causing shorts between
the gates and source or drain. One alternative approach would be a thinner buried
oxide of the SOI substrate. This would decrease the distance of the back gate electrode
to the island and is the more promising strategy. The disadvantage is that one relies
on the SOI manufacturer to provide substrates with an appropriate BOX thickness.
Another alternative is to process a top gate electrode separated by a few nanometer
thin oxide layer. Investigations on this method were started but did not yield any
usable results yet.
As mentioned at the beginning of this section, many devices showed no gate dependence at all. This implies that besides the geometry under control of the electron beam
writer and the BOX thickness also details of the device structure, which arise either
from electromigration or from the coincidental alignment of the electrodes on top of
the quantum dots, play an important role for the gate coupling. At the moment there
is no method available to control these parameters so that the only possibility is to
generally improve the gate efficiency as outlined above.
Comparing the gate activity of our devices to examples from literature one has to
distinguish two cases. SETs fabricated on top of an oxidized aluminum back gate
typically show a very good gate efficiency due to the accurate control on the thickness
of the aluminum oxide [19]. Unfortunately, this technique is not applicable for SET
islands patterned into a SOI substrate. In the case of SOI based devices and when
lateral gates were used, voltages of several volts necessary to switch the devices from
one state to another are quite common [100].

5.2.3. Stability diagram
Devices exhibiting gate activity were further characterized by recording a stability
diagram. Therefore ISD − VSD curves were collected for a range of gate voltages and
their numerical derivatives were calculated. Then a color (brightness) corresponding
to this differential conductance was assigned to each point of a 2-dimensional plot over
gate and source-drain voltage. The result is the so-called stability diagram. Figure 5.5
(top) shows the stability diagram for the 50 nm SOI quantum dot device analyzed in
the previous two sections.
In this diagram dark colors correspond to a low and bright colors to a high differential
conductance. The dark diamond shaped areas mark stable configurations of the device
where the number of electrons on the island is constant and no current can flow due to
Coulomb blockade. Because of their shape they are referred to as “Coulomb diamonds”.
From the periodicity of the diamonds with the gate voltage the gate capacitance Cg =

147

15

5

10

4
3

5

2
0
1
-5

0

Diffrential Conductance (µS)

Gate Voltage (V)

5. Electrical measurements

-10
-15
-0.1

-0.05
0
0.05
Bias Voltage (V)

0.1

-0.05
0
0.05
Bias Voltage (V)

0.1

15

Gate Voltage (V)

10
5
0
-5
-10
-15
-0.1

Figure 5.5.: Top: measured stability diagram of a 50 nm SOI-QD single-electron transistor. Bottom: simulated stability diagram for a boron-doped silicon island SET with the parameters C1 = 1.38 aF, C2 = 2.76 aF, Cg = 0.0325 aF
and Qp = −3.875 e [128].
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0.0325 aF can again be extracted. The width of the diamonds on the other hand
corresponds to twice the Coulomb charging energy EC = 19.4 meV.
With the parameters already obtained in the previous two sections, a stability diagram was calculated. Therefore boron-doped silicon was used as island material and
parabolic bands were assumed to calculate the density of states. The result is depicted
in figure 5.5 (bottom) and shows an excellent agreement with its measured counterpart.
Taking a closer look at the conductance for higher bias voltages one can see that it
decreases with increasing gate voltage. This decrease in the calculated conductance
is caused by the electrode Fermi levels being scanned through the density of states of
the silicon island. When the gate voltage is increased the island potential is shifted
downwards and the Fermi levels approach the band edge of the valance band where the
density of states drops. The same characteristic gradient can be observed in the measured diagram. A calculated stability diagram for a metallic SET would be perfectly
periodic in Vg and the conductance does not show this decrease.
To conclude, single-electron transistors based on SOI quantum dots were fabricated
and electrically characterized. The devices show Coulomb blockade around 0 V bias
and Coulomb staircase features at higher bias voltages. The plateau width and therefore the Coulomb charging energy roughly agrees with the geometrical properties of
the devices. Some of the devices exhibit gate activity and can be switched from a nonconducting into a conducting state by applying a gate voltage. The stability diagram
of the devices show Coulomb diamonds typical for SETs.

5.3. Measurements on CdSe/ZnS-QDs
The second type of devices investigated in this work was based on the CdSe/ZnS
core/shell quantum dots introduced in section 3.2. For these devices a standard silicon
wafer covered with a 200 nm layer of sputtered silicon oxide was used as substrate
onto which gold nano-wires were patterned with electron beam lithography according to section 4.1.1. On top of these wires CdSe/ZnS QDs were deposited with the
linker molecule technique outlined in 3.2.2. Then the wires were broken at cryogenic
temperatures with the controlled electromigration process sketched in section 4.2.2 to
yield electrode pairs with only a few nanometer separation. Thereby the intention was
that one of the previously deposited CdSe/ZnS QDs may by coincidence end up lying
between the two electrodes attached to either of them by one or more linker molecules.
In comparison to the SOI-QD based devices treated in the previous section, the
transistor character was not the main aspect for the investigations on the CdSe/ZnS
QD samples. The primary goal in these experiments was to determine the electronic
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structure and the transport properties of the CdSe/ZnS core/shell quantum dots.

5.3.1. I-V measurements
The gold nano-wires covered with CdSe/ZnS QDs were broken via electromigration
in a liquid helium bath cryostat at 4.2 K. Directly after breaking the wires the devices were characterized by measuring their I-V and dI/dV-V characteristic with the
techniques outlined in section 5.1. Most of the junctions showed either tunneling behavior or current suppression around 0 V bias with additional features at higher bias
voltages. The width of the plateau differed from sample to sample but was generally
much smaller than the bulk band gap of CdSe. After current onset the peak spacings
were comparable for different samples, which makes us confident that the features in
the measurements actually originate from the CdSe/ZnS quantum dots and not from
random gold particles unintentionally created during electromigration. In figure 5.6 an
exemplary I-V characteristic together with its numerical derivative is shown.
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Figure 5.6.: I-V characteristic and differential conductance measured on a gold nanowire covered with CdSe/ZnS QDs after electromigration. The sample temperature during this measurement was 26 K.
The I-V curve has a 410 mV wide plateau around 0 V and several distinct steps at
higher negative and positive bias voltages. The corresponding peaks in the differential
conductance show that the the first three steps on the positive voltage side are equidistant while the spacing on the negative side is irregular. The negative current onset
occurs at -130 mV while the positive threshold voltage is 280 mV.
The fact that the plateau is much smaller than the band gap of CdSe and roughly
symmetric suggests that at zero bias the Fermi level is either located within the band
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gap and close to one band edge or between a set of electron or hole states. We further
conclude that the capacitances C1 and C2 are distributed fairly symmetric and therefore
the Fermi levels of electrode 1 and 2 are scanning the same states at roughly opposite
bias voltages. This implies that the peaks on the positive and negative voltage side are
caused by transport through the same set of states. When a positive voltage is applied
to the configuration, the Fermi level of the drain electrode is lifted with respect to the
energy states on the island while the source level is lowered according to the capacitive
voltage divider. As soon as one of the electrode Fermi levels reaches a state in the dot,
current is set on and a peak in the differential conductance occurs. The Fermi level of
the other electrode is situated somewhere in the energy gap. When the bias voltage is
reversed, the source level is lifted and the drain level lowered. This time the state on
the island is reached by the other electrode Fermi level, but at a slightly different bias
voltage. The difference in voltage is caused by the asymmetry of the voltage drop over
the capacitances C1 and C2 .
Comparable tunneling spectra with similar symmetries have also been reported for
CdSe quantum dots by other authors [11, 114]. Bakkers and Vanmaekelbergh obtained
their data with a scanning tunneling microscope on 4.3 nm CdSe quantum dots at
different tip-to-dot separations, which allowed them to measure in asymmetric as well as
symmetric configurations. In the asymmetric configuration nearly all voltage dropped
across one of the barriers such that the Fermi level of the opposite electrode was
quasi fixed with respect to the states on the island while the Fermi level of the other
electrode is scanned through the states. In this configuration the valence band states
were observed on one side of the differential conductance curve while the conduction
band states were observed on the other. By further approaching the quantum dot with
the tip the authors switched to a relatively symmetric configuration presumably similar
to the one in our experiments. The curves measured in this configuration were similar
to the ones we obtained.
Despite one voltage side being stretched compared to the other due to the voltage
division ratio, some peaks seem to be enhanced on one side while being suppressed or
completely missing on the opposite side. This effect is attributed to the distribution of
the tunneling resistances Rt1 and Rt2 . If the resistances are very different, the quantum
dot may either be full or empty of electrons, depending on the direction of the applied
voltage. In case of an empty dot, every peak in the differential conductance corresponds
to an additional excitation state of the quantum dot. Such a spectrum is then called
excitation or shell-tunneling spectrum and reflects the electronic energy levels of the
dot. For a partially or completely filled quantum dot additional peaks appear each
time the bias voltage allows to charge the island with one additional electron that may
tunnel into an already occupied but degenerated state. In principle a single state may
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show as many peaks as its degeneracy, which can thus be determined. This type of
spectrum is referred to as addition or shell-filling spectrum [10, 13].
To further analyze the differential conductance spectrum the capacitance distribution
V+
C1
= V1− is determined by dividing the positions of the first peak to
parameter a = C
2
1
either side of the current gap, which corresponds to the first accessible state. From the
peak positions in figure 5.6 a value of 0.46 was obtained and with it the voltage division
ratio η = 0.32 could be calculated. In figure 5.7 the differential conductance curve is
plotted in a slightly modified way. The positive part of the curve was compressed by a
factor of η along the x-axes while the negative part was compressed by (1 − η). This
operation corrects the data for the voltage division due to the capacitances C1 and C2
in series and yields peak positions for the island states on an energy scale with respect
to the equilibrium Fermi level.
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Figure 5.7.: Left: Energy spectrum obtained by applying the voltage division ratio η
to the differential conductance curve. The green curve originates from
positive and the red from negative bias voltage side of the original curve.
Right: Band diagram illustration of the transport mechanisms in case of
an empty and a full quantum dot.
On the positive side of the spectrum the three equidistant peaks now show a spacing
of about 55 meV. Because of the first peak having two neighbors with twice the same
spacing this energy is interpreted as the Coulomb charging energy EC . The second and
third peak occurs at an energy where a second and a third charge, respectively, may
be loaded onto the island into the same state that lead to the first peak. This requires
the state to be at least three times, most probably four or six times degenerate. The
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fourth peak on the positive side has a different spacing and is therefore attributed to
the next state becoming accessible. It is separated about 200 meV from the first peak
on the positive side, which coincides with the distance of the first two peaks on the
negative side and is therefore allocated to one single electron on the island occupying
the first excited state.
In many measurements the separation of the first two peaks on the negative side
was the same as on the positive side, which means that the first state was also charged
with multiple charges when a voltage with opposite sign was applied. Hence, both
sides of the spectrum consist of peaks caused by multiple charging of one state and
peaks that occur when a new state is reached. This makes an assignment of the peaks
very difficult. The curve in figure 5.7 was explicitly chosen, because it does not show
a charging peak on the negative side. This is the case when the tunneling resistances
Rt1 and Rt2 are distributed very unevenly as depicted in the sketches on the right.
When a negative voltage is applied to such a configuration and the first state becomes
accessible for transport, a charge tunnels slowly through the thick barrier into the island
and immediately leaves it through the thin barrier on the right. Therefore the island is
empty again and the next charge coming from the left electrode is not blocked. When
the voltage is further increased until two charges may be loaded onto the island at the
same time, this does barely happen as the island is empty most of the time anyway and
therefore no peak occurs. Only when the voltage is increased such that the next state is
reached a new transport channel becomes available leading to a peak in the spectrum.
If, on the other hand, a positive voltage is applied, a charge easily enters the island
through the thin barrier on the right and stays there for a long time until it eventually
leaves through the thick barrier on the left. As long as the island is occupied by one
charge, tunneling is blocked for successive charges. When the voltage is increased
in this case, the island may be charged with one additional electron tunneling into
the already occupied but degenerated state, which provides an independent transport
channel and therefore leads to a peak in the differential conductance. The degeneracy
is thereby lifted due to electron-electron Coulomb interaction.
The peaks on the positive side of the spectrum in figure 5.7 are therefore interpreted
as addition or shell-filling spectrum and those on the negative side as excitation or
shell-tunneling spectrum. The latter reflects the electronic energy levels of the island
[10, 13]. From the peak spacings in the spectrum the corresponding level spacings on
the island ∆ε1 = 200 meV, ∆ε2 = 158 meV and ∆ε3 = 107 meV were extracted.
Furthermore, the position of the first peak on the positive or negative side provides
information about the distance ∆ε of the equilibrium Fermi level to the first accessible
state. The position has to be corrected for the Coulomb energy EC , which has to be
additionally spent for the first electron to tunnel into or out of the island. From the
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peak position of ±88 meV and EC = 55 meV an offset of 33 meV is obtained.
From the measurements it can not be definitely determined whether transport takes
place via conduction or valence band states. To gain more insight the electron and
hole energy levels for a CdSe/ZnS core/shell QD were calculated as a function of core
radius as outlined in appendix A.2. In the radius range of the quantum dots two
possible interpretations for the experimentally determined level spacings were found.
On the one hand, the experimental peak spacings could be explained by transport
through valence band states. In this case the equilibrium Fermi level would have been
situated in the bandgap 33 meV above the hole ground state. The first peak in the
dI/dV-V curve is then allocated to this ground state. The calculated level spacings
qualitatively agree well with the measured data, however, they are slightly larger.
On the other hand, the spectrum may be explained by transport through electron
states. As the electron ground state is localized in the CdSe core and has a large
distance to the first excited state only confined to the shell (see figure 5.8), it is assumed
that the equilibrium Fermi level is located between these two states, 33 meV below the
excited state. In this case the first peak in the spectrum is allocated to the first excited
state and the successive peaks on the negative side to even higher energy levels. The
ground state is not accessed in the measurement due to its large energetic distance of
610 meV. The agreement between calculation and measurement is quantitatively good,
only the position of the third excited state, which is of d-type, is not exactly met.
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Figure 5.8.: (a) Calculated electron energy levels as a function of core radius for a
CdSe/ZnS core/shell QD with 2 nm shell and (b) the corresponding radial
wave functions for the case of a 1.3 nm core radius.
From the dI/dV-V measurements it can not be unambiguously determined which of
the two interpretations is the correct one. However, the gate dependent measurements
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presented in the next section corroborate that transport occurred via conduction band
states. Hence, the following analysis is focused on that interpretation. In figure 5.8 (a)
the calculated electron states of a CdSe/ZnS core/shell QD are plotted as a function of
core radius. The best agreement of the calculated level spacings to the measured data
was found for a radius of 1.3 nm, which is close to the maximum of the size distribution
of our CdSe cores. For this radius the wave functions corresponding to the energy levels
are depicted in figure 5.8 (b).
From the diagram the level spacings ∆ε1 = 190 meV, ∆ε2 = 78 meV, and ∆ε3 =
177 meV were extracted. Compared to the measured spacings ∆ε2 is too small by
about 80 meV while ∆ε3 is to large by a similar amount. Taking both together means
that the energy level εl=2,n=0 is situated slightly too low. Considering the simplicity of
the model that was used to calculate the spectrum, the agreement is still astonishing.
The calculated spectrum was used together with the voltage division ratio η = 0.32
and the Coulomb charging energy EC = 55 meV to calculate a differential conductance
curve according to appendix A.1. Furthermore, a tunneling resistance ratio Rt1 /Rt2 =
999 was used to realize an empty quantum dot on the negative bias side and a full dot
on the positive side. In figure 5.9 the calculated curve is compared to its measured
counterpart.
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Figure 5.9.: Measured dI/dV-V trace (red) together with a calculated curve (green)
based on the electron energy levels for a CdSe/ZnS QD with 1.3 nm radius
core.
From the diagram it can be seen that the positions of the first three peaks of the
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addition spectrum on the right are perfectly reproduced by the calculation. The fourth
peak on the positive side of the measurement is not exactly met. This is not surprising as it was allocated to one single electron on the dot occupying the first excited
state. Such a peak is strongly suppressed in the calculation due to the high tunneling
resistance ratio. Instead two more Coulomb replicas of the first state are visible.
Taking a look at the shell-tunneling spectrum on the negative bias side we see that
the positions of the excitation peaks are also well reflected by the calculation. Only
the third peak, which corresponds to the d-state already discussed above, seems to
be displaced to the right as expected. The peak heights were not correctly predicted
by the calculation, which is once again attributed to the voltage dependence of the
tunneling coefficient not included in the model.
Similar level spacings were also identified in other measurements where addition and
excitation spectrum were not as clearly separated as in the measurement presented
above. However, the plateau width and the Coulomb charging energy varied between
samples and measurements. The differences in charging energy can be explained by a
variation in the effective permittivity due to the actual sample geometry. The width of
the plateau, on the other hand, is determined by the position of the equilibrium Fermi
level with respect to the energy spectrum on the island. As the island potential is
shifted by the background polarization charge, the plateau width is expected to differ
from sample to sample. We conclude that the different curves originate from the same
energy spectrum specific to the quantum dots when they are placed in slightly different
configurations and electrostatic environments.
To our knowledge there is no tunneling spectroscopy data on CdSe/ZnS core/shell
quantum dots in literature. Therefore our results are compared to results from bare
CdSe QDs. Bakkers et al. [10] reported a measured spacing of 173 meV from the ε1s to
the ε1p level for a 4.7 nm dot. Considering a 1/r2 dependence of the energy levels, this
would correspond to a spacing of about 566 meV for a 2.6 nm QD, which is in good
agreement with the 610 meV that we obtained from our calculations. The higher energy
levels are not directly comparable, as the order of the states changes with the size of
the core (see figure 5.8 (a)). As Coulomb charging energy Bakkers et al. extracted
60 meV from their measurements. This value is on the same order as what we found,
however, their quantum dots were smaller by roughly a factor of two. On the other
hand, figure 5.8 (b) shows that the excited states in our quantum dots are localized in
the ZnS shell, which might increase the effective island size and reduce the charging
energy.
Alperson et al. [2] employed scanning tunneling spectroscopy on 3 nm CdSe QDs
and found a ε1p − ε1s spacing of 520 meV. They compare their results to a theory value
of 530 meV published by Ekimov et al. [37]. Both values are again in accordance with
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what we found, especially when taking the difference in size into account.

5.3.2. Gate-dependent measurements
After measuring the I-V and dI/dV-V characteristics at a constant or without applied
gate voltage, also the gate dependence of the transport properties was investigated.
Therefore a gate voltage was applied to the two lateral side gates connected with the
silicon substrate used as a back gate electrode. Then dI/dV-V traces were measured for
different gate voltages either with the lock-in amplifier technique outlined in section 5.1
or by measurement and numerical differentiation of I-V curves. Again the color corresponding to the differential conductance for a combination of gate and source-drain
voltage was plotted in a 2-dimensional diagram. Unfortunately, only a few samples
showed any gate-dependence at all. In figure 5.10 one of the differential conductance
diagrams is depicted.
In the upper four diagrams the measured data is plotted with different color scales
to visualize features in both, the low and the high differential conductance rage. The
diagrams show an area around 0 V bias with a width of about 1.5 V where no noticeable
conductance was measured. At higher bias voltages several lines can be seen, which
correspond to peaks in the differential conductance curves discussed in the previous
section. As the lines are inclined, these peaks change their position as a function of the
applied gate voltage. In particular, the gate voltage shifts the potential on the quantum
dot and therefore the position of available states with respect to the equilibrium Fermi
level of the electrodes. Hence, the states become accessible at different bias voltages
corresponding to the positions of the differential conductance peaks. Also the crossing
of lines with different inclination can be observed on both bias sides in the diagrams.
From numerical simulations it was found that such a crossing of lines only occurs at
the edges of Coulomb diamonds, but not in the region of the band edge. Therefore it
was concluded that the differential conductance diagram shows a section of a Coulomb
diamond. From the width of the diamond, which corresponds to twice the sum of
Coulomb charging energy and energy level spacing, a level spacing of about 600 meV
was estimated. This value is in good agreement with the separation of the electron
ground state and the first excited state for a CdSe/ZnS core/shell quantum dot with
a 1.3 nm radius core, as calculated in the previous section. As the hole states showed
much smaller spacings in the calculation, it was ruled out that the stability diagram
was caused by transport over VB states.
The bottom diagram in figure 5.10 shows a calculated differential conductance diagram. For the calculation the electron spectrum of the 1.3 nm radius core CdSe/ZnS
QD from the previous section was used and the equilibrium Fermi level was placed close
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to the first excited state. In this case a Coulomb energy of 120 meV and a tunneling
resistance ratio of 1 were chosen. When the calculated diagram is compared to its
measured counterpart, qualitatively many features like the crossing lines can be identified, even though the exact inclinations and spacings of the lines were not perfectly
reproduced.
Unfortunately the gate efficiency in our samples was poor. Even though gate voltages of up to 15 V had been applied, no complete Coulomb diamond could be recorded.
If the sample layout was improved, e.g. by introducing an aluminum back gate [9, 19],
and the gate coupling sufficiently increased, it would be possible to adjust the quantum
dot potential from the valence band states to the conduction band states with respect
to the electrode Fermi level. This would provide even more solid and comprehensive information about the QD level structure and make it possible to unambiguously
determine the position of electron as well as hole states.
In this section it was shown that nano-electrodes, especially if combined with an
effective back gate, are a promising approach to characterize the energy states of semiconductor QDs, but in principle also of single molecules. Compared to scanning tunneling spectroscopy (STS), which of course offers a much higher degree of flexibility, the
main advantage is the additional information that can be obtained by gate dependent
measurements. To really access all VB as well as CB states in the QD, the sample
setup has to be further improved with respect to the gate coupling.
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In this thesis semiconductor quantum dots were contacted with nano-electrodes to
fabricate single-electron devices. Therefore a whole range of techniques to prepare
quantum dots and to form nano-electrodes has been developed and implemented. The
devices that were created by applying combinations of these techniques were then
electrically characterized.
Semiconductor quantum dots were fabricated following two different approaches. On
the one hand, colloidal CdSe/ZnS core/shell quantum dots were deposited onto gold
electrodes with an already established method based on hexane dithiol linker molecules.
This procedure yielded a sub-monolayer coverage of QDs with a 3 nm CdSe core and
a 2.5 nm ZnS shell.
On the other hand, a completely new top-down technique was developed to prepare
silicon quantum dots. Therefore a self-assembled gold colloidal etch mask was deposited
onto a thin silicon-on-insulator substrate. After a reactive ion etch of the top silicon
layer and a subsequent etch mask removal, silicon quantum dots were obtained on top
of the insulating buried oxide. As TEM investigations have shown, it was possible
with this technique to prepare nanodots with diameters of 20 and 50 nm as well as
nanodiscs with a diameter of 95 nm and a thickness of 38 nm.
To contact individual quantum dots, nano-electrodes with an ultra small separation
were needed. Therefore three different techniques were established. Electron beam
lithography was used as basis technology and its resolution was optimized to yield
electrode separations down to 10 nm.
For electrodes with even smaller gaps two alternative approaches were taken. First,
a controlled electromigration process was developed to break a predefined metallic
nanowire. This process was optimized to an extend that conductance quantization
was observed before wire breakage indicating that only a few atoms were bridging the
electrodes. Thereby a metallic quantum point contact was realized. After breakage a
tunneling current was measured between the electrodes, which allowed us to estimate
the electrode separation to be on the order of 2 nm. When electromigration was used
on nanowires patterned on top of SOI-QDs, a self-alignment effect due to an increased
current density at the positions of the QDs could be utilized. Electromigration was
also performed on specially shaped ferromagnetic electrodes, which exhibited signs of
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tunneling magnetoresistance after breakage.
Another method that was implemented to achieve electrodes with a sub-10 nm separation was controlled electrochemical deposition. In this process material was electrochemically deposited from an electrolyte solution onto well separated electrode templates while monitoring the conductance between the electrodes. Thereby the electrodes were slowly grown together and the conductance monitoring allowed to stop
the process in the desired configuration. With this technique also tunneling currents
were measured before the electrodes actually touched and conductance quantization
was observed after contact. Furthermore, the technique was extended to asymmetrically deposit material onto only one electrode. The hetero-electrodes fabricated by
this method provide interesting new possibilities such as an oriented deposition of bifunctionalized molecules or magnetic switching in spintronic devices.
These fabrication schemes for nano-electrodes may not only be used to contact semiconductor quantum dots, but have a wide range of further possible applications. Especially in the field of molecular electronics they can be used to contact single molecules.
Different combinations of the above techniques were applied to fabricate two types
of single-electron devices. The first type was a SOI-QD based single electron transistor, while the second type was a device employing the colloidal CdSe/ZnS core/shell
quantum dots as Coulomb island. Furthermore, a setup was established to measure
the I-V and dI/dV-V characteristics of the devices at cryogenic temperatures with a
resolution in the picoampere range.
The SOI-QD devices showed Coulomb blockade and Coulomb staircase features in
their I-V and dI/dV-V traces corresponding to a Coulomb charging energy of about
18 meV. The island size associated with this energy via a capacitance model was found
to be in good agreement with the dot dimensions of 50 nm. Due to the relatively large
size of the silicon dots, quantization effects did not play a role in these devices. When
a voltage was applied to the gate electrodes, conductance oscillations were observed
and the devices could be switched from a non-conducting to a conducting state. The
stability diagram showed several Coulomb diamonds typical for single-electron transistors.
The devices based on CdSe/ZnS core/shell quantum dots also showed Coulomb
blockade and additional features in their I-V and dI/dV-V curves. The purpose of
measurements on these devices was to characterize the electronic properties of the
CdSe/ZnS QDs. From the shell-filling part of the dI/dV-V spectra a Coulomb charging energy of 55 meV was extracted, whereas the shell-tunneling part was used to
obtain the energy level spacings of the quantum dot. These spacings were compared
to theoretical energy level calculations for CdSe/ZnS core/shell quantum dots and the
best accordance was found for a QD with 2.6 nm core. By gate-dependent measure-
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ments it was further determined that transport in our devices took place over excited
electron states and it was possible to assign the features in the spectra to three of these
states.
Finally, numerical simulations were performed with the parameters deduced from the
measurements and the results were compared to the experimental I-V and dI/dV-V
curves. The SOI-based SET devices were well described within the framework of the
orthodox theory extended to account for the non-constant density of states on the
silicon island. To simulate the dI/dV-V characteristics of the CdSe/ZnS QD devices
the energy spectrum calculated for the 2.6 nm core QDs was used. In both cases the
peak positions of the resulting curves showed a good agreement with the measurements.
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A.1. Numerical simulation of single-electron devices
To calculate the current through a single-electron device, the distribution function
ρ (n), which describes the probability to find the system with n charges on the Coulomb
island, needs to be determined. It is governed by the master equation, which can be
simplified to
 +
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for the steady state. Depending on the electronic properties of the island the tunneling rates Γ±
1,2 into and out of the island through barrier 1 and 2 were calculated
according to one of the recipes given below. To numerically compute ρ the master
equation was used in the matrix notation Γρ = 0 and the Γ-matrix was composed as
follows.
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As the full matrix has an infinite number of rows and columns, it had to be properly
truncated. Therefore, the relevant charge states for the system were educatedly guessed
and the resulting set of linear equations was solved with the numerical software package
GNU Octave [36]. The orthonormal basis of the null space of Γ corresponds the desired
probability distribution vector ρ. With ρ the current through the device was calculated
to
I=e
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−
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1
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Figure A.1 shows an exemplary I-V curve, which was calculated with the tunneling
rates from the standard orthodox theory. For selected voltages the probability distribu-
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tion ρ is given on the right. The differential conductance was obtained by calculating
the numerical derivative of the I-V curves.
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Figure A.1.: I-V curve for a single-electron device calculated with the orthodox theory.
For selected voltages the probability distribution ρ is depicted on the right.
Depending on the type of the island, and in particular on its density of states, one
of the following three approaches was chosen to calculate the tunneling rates.

Orthodox theory (metallic islands)
If the density of states on the island could be assumed as constant, like e.g. for metallic
SET devices, the standard orthodox theory was applied. In this case Fermi’s golden
rule can be integrated out and the tunneling rates become
Γ±
j =

∆Ej±
1
e2 Rtj 1 − e−∆Ej± /kB T

with ∆Ej± being the change in energy caused by the corresponding tunneling event
(equations 2.11).

Non-constant DOS (SOI-QDs)
When the density of states on the island cannot be assumed as constant, but is also
not determined by a set of discrete states, Fermi’s golden rule needs to be integrated
numerically. This was for example the case in our SOI-QD based devices, because they
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had a silicon island with an energy gap and parabolic valence and conduction bands,
but the size was still too large to observe quantization effects. The rate for tunneling
into the island through barrier 1 is then given by

Γ+
1 =

2π X
dE |T |2 D1 (Em ) Di (Em ) f (Em + EC − EF 1 ) [1 − f (Em − EF i )] .
~ E
m

Here, EF i and EF 1 = EF i − Ce [(Cg + C2 ) V − Cg Vg − Qp ] denote the Fermi levels of
e2
the island and electrode 1, respectively, and EC = 2C
is the charging energy. Em are
the elements of a vector with equidistant energy values between EF 1 − EC − 10 kB T
and EF i + 10 kB T whereas dE is the interval of these interpolation points. Note that in
principle also the tunneling coefficient may be energy-dependent with this approach.
The other tunneling rates are calculated in an analogous way.

Discrete DOS (CdSe/ZnS-QDs)
In case of a discrete density of states on the SET island, as e.g. for the CdSe/ZnS-QD
devices, a third way to calculate the tunneling rates had to be implemented. Because
the DOS can be treated as a comb of delta functions here, the integration of Fermi’s
golden rule is converted into a sum over the energy levels εi on the island. Therefore,
Γ+
1 =


2π X 2
|T | D1 f εi − ∆E1+ − EF 1 [1 − g (n, εi )]
~ ε
i

is obtained as rate for charges tunneling into the island through barrier 1. EF 1 is
again the Fermi level of reservoirs 1, ∆E1+ is the energy change taken from equation 2.11
and g is the Gibbs distribution function (equation 2.15). As it is very time-consuming
to calculate this distribution, it was replaced by the Fermi function if kB T was much
smaller or larger than the average interval between the energy levels. The other tunneling rates could again be calculated by similar means.
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A.2. Numerical calculation of quantum dot states
In order to calculate the energy spectrum of the CdSe/ZnS core/shell quantum dots,
the matrix method proposed by Uria et al. [120] to solve the 1-dimensional Schrödinger
equation was adapted to the radial equation 2.14 for a spherical potential. Therefore,
the radius r, the radial potential V (r), the mass m(r) and the radial wave functions
R(r) were represented by vectors. The first spatial derivative of the radial wave funci−1
and the second derivative
tions was approximated by the difference quotient Ri+12−R
dr
Ri+1 −2 Ri +Ri−1
by
. The radial equation thus became
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~2
−
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By sorting for the different components of R, this finite-difference equation can be
written in a matrix form M R = 0 with the matrix
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After filling the matrix, GNU Octave [36] was used to find its eigenvectors and
eigenvalues. The eigenvalues correspond to the energy levels of the QD states whereas
the vectors represent the corresponding wave functions. By sorting the eigenvalues,
the ground and first excited states were identified. The procedure was repeated for
different orbital angular momentum numbers l to obtain the spectra for s, p, d and
f -type states.
This method allows one to calculate the energy spectrum and the wave functions
for an arbitrary spherical potential. In figure A.2 (a) the energy levels for a CdSe
quantum dot were computed as function of the dot radius. The corresponding radial
wave functions for a QD with 3 nm radius are depicted in figure A.2 (b).
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Figure A.2.: (a) Electron energy eigenvalues for a spherical CdSe quantum dot as function of the dot radius and (b) the corresponding radial wave functions for
a dot radius of 3 nm.
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initialization

set V

read I
G = I/V
dIdV = (I-Iprev)/(V-Vprev)
y

G < Gtarget
n

y

G < dG* Gref
n
G > Gref

y

Gref = G

n
y

dIdV < ddIdV* dIdVref
n
dIdV > dIdVref

y

dIdVref = dIdV

n
V = rV * V

Vprev = V, Iprev = I

V = V+dV

end

Figure A.3.: Flowchart of the feedback scheme for the controlled electromigration process. When either the absolute conductance G or the parameter dIdV fall
below a preset fraction of their reference value, the voltage V is reduced
by a factor rV . If the measured conductance falls below the target value
Gtarget , the process is terminated.

Bibliography
[1] N. Agrait, A. Yeyati, and J. van Ruitenbeek: Quantum properties of atomic-sized
conductors. Phys. Rep. 377 (2), 81–279, 2003.
[2] B. Alperson, I. Rubinstein, G. Hodes, D. Porath, and O. Millo: Energy level
tunneling spectroscopy and single electron charging in individual CdSe quantum
dots. Appl. Phys. Lett. 75 (12), 1751–1753, 1999.
[3] M. Amman, R. Wilkins, E. Ben-Jacob, P. D. Maker, and R. C. Jaklevic: Analytic
solution for the current-voltage characteristic of two mesoscopic tunnel junctions
coupled in series. Phys. Rev. B 43 (1), 1146, 1991.
[4] T. Ando, Y. Arakawa, K. Furuya, S. Komiyama, and H. Nakashima: Mesoscopic
physics and electronics. Springer Berlin, 1998.
[5] P. W. Atkins: Physikalische Chemie. VCH Weinheim, 1990.
[6] D. V. Averin, A. N. Korotkov, and K. K. Likharev: Theory of single-electron
charging of quantum wells and dots. Phys. Rev. B 44 (12), 6199–6211, 1991.
[7] D. V. Averin and K. K. Likharev: Coulomb blockade of single-electron tunneling,
and coherent oscillations in small tunnel junctions. J. Low Temp. Phys. 62 (3),
345–373, 1986.
[8] D. V. Averin and Y. V. Nazarov: Virtual electron diffusion during quantum
tunneling of the electric charge. Phys. Rev. Lett. 65 (19), 2446–2449, 1990.
[9] A. Bachtold, P. Hadley, T. Nakanishi, and C. Dekker: Logic circuits with carbon
nanotube transistors. Science 294 (5545), 1317–1320, 2001.
[10] E. P. Bakkers, Z. Hens, A. Zunger, A. Franceschetti, L. Kouwenhoven, L. Gurevich, and D. Vanmaekelbergh: Shell-tunneling spectroscopy of the single-particle
energy levels of insulating quantum dots. Nano Lett. 1 (10), 551–556, 2001.
[11] E. P. Bakkers and D. Vanmaekelbergh: Resonant electron tunneling through semiconducting nanocrystals in a symmetrical and an asymmetrical junction. Phys.
Rev. B 62 (12), R7743–R7746, 2000.

173

Bibliography
[12] U. Banin, Y. Cao, D. Katz, and O. Millo: Identification of atomic-like electronic
states in indium arsenide nanocrystal quantum dots. Nature 400 (6744), 542–544,
1999.
[13] U. Banin and O. Millo: Tunneling and optical spectroscopy of semiconductor
nanocrystals. Annu. Rev. Phys. Chem. 54 (1), 465–492, 2003.
[14] J. Bardeen: Tunnelling from a many-particle point of view. Phys. Rev. Lett. 6
(2), 57–59, 1961.
[15] C. Beenakker: Theory of Coulomb-blockade oscillations in the conductance of a
quantum dot. Phys. Rev. B 44 (4), 1646–1656, 1991.
[16] J. Black: Electromigration failure modes in aluminum metallization for semiconductor devices. Proc. IEEE 57 (9), 1587–1594, 1969.
[17] I. A. Blech: Electromigration in thin aluminum films on titanium nitride. J.
Appl. Phys. 47 (4), 1203–1208, 1976.
[18] K. I. Bolotin: Spin-dependent transport in nanoscale structures. PhD thesis,
Cornell University, January 2007.
[19] K. I. Bolotin, F. Kuemmeth, A. N. Pasupathy, and D. C. Ralph: Metalnanoparticle single-electron transistors fabricated using electromigration. Appl.
Phys. Lett. 84 (16), 3154–3156, 2004.
[20] K. I. Bolotin, F. Kuemmeth, A. N. Pasupathy, and D. C. Ralph: From ballistic transport to tunneling in electromigrated ferromagnetic breakjunctions. Nano
Lett. 6 (1), 123–127, 2006.
[21] K. I. Bolotin, F. Kuemmeth, and D. C. Ralph: Anisotropic magnetoresistance
and anisotropic tunneling magnetoresistance due to quantum interference in ferromagnetic metal break junctions. Phys. Rev. Lett. 97 (12), 127202, 2006.
[22] C. Bosvieux and J. Friedel: Sur l’electrolyse des alliages metalliques. J. Phys.
Chem. Solids 23 (1-2), 123–136, 1962.
[23] S. Braig and P. Brouwer: Rate equations for Coulomb blockade with ferromagnetic
leads. Phys. Rev. B 71, 195324, 2005.
[24] M. Braun: Transport durch ein Quantenpunkt-Spinventil. PhD thesis, Fakultät
für Physik und Astronomie, Ruhr-Universität Bochum, 2006.

174

Bibliography
[25] M. Braun, J. Konig, and J. Martinek: Theory of transport through quantum-dot
spin valves in the weak-coupling regime. Phys. Rev. B 70 (19), 195345, 2004.
[26] V. Breus: Design, synthesis and characterization of biocompatible quantum dots
for application in biophysics. Dissertation, Fakultät für Naturwissenschaften,
Universität Ulm, 2008.
[27] V. Breus, C. Heyes, and G. Nienhaus: Quenching of CdSe-ZnS core-shell quantum
dot luminescence by water-soluble thiolated ligands. J. Phys. Chem. C 111 (50),
18589–18594, 2007.
[28] W. Chen, H. Ahmed, and K. Nakazoto: Coulomb blockade at 77 K in nanoscale
metallic islands in a lateral nanostructure. Appl. Phys. Lett. 66 (24), 3383–3384,
1995.
[29] Z. Chen and R. S. Sorbello: Local heating in mesoscopic systems. Phys. Rev. B
47 (20), 13527–13534, 1993.
[30] B. H. Choi, S. W. Hwang, I. G. Kim, H. C. Shin, Y. Kim, and E. K. Kim: Fabrication and room-temperature characterization of a silicon self-assembled quantumdot transistor. Appl. Phys. Lett. 73 (21), 3129–3131, 1998.
[31] V. Colvin, A. Goldstein, and A. Alivisatos: Semiconductor nanocrystals covalently bound to metal surfaces with self-assembled monolayers. J. Am. Chem.
Soc. 114 (13), 5221–5230, 1992.
[32] J. L. Costa-Krämer: Conductance quantization at room temperature in magnetic
and nonmagnetic metallic nanowires. Phys. Rev. B 55 (8), R4875–R4878, 1997.
[33] M. Deshmukh, A. Prieto, Q. Gu, and H. Park: Fabrication of asymmetric electrode pairs with nanometer separation made of two distinct metals. Nano Lett. 3
(10), 1383–1385, 2003.
[34] M. Donahue and D. Porter: OOMMF User’s Guide, Version 1.0. National Institute of Standards and Technology, Gaithersburg, MD, 1999.
[35] C. B. Duke: Tunneling in Solids. Solid State Physics - Advances in Research and
Applications. Academic Press, New York, 1969.
[36] J. W. Eaton: GNU Octave Manual. Network Theory Limited, 2002.
[37] A. Ekimov, F. Hache, M. Schanne-Klein, D. Ricard, C. Flytzanis, I. Kudryavtsev, T. Yazeva, A. Rodina, and A. Efros: Absorption and intensity-dependent

175

Bibliography
photoluminescence measurements on CdSe quantum dots: assignment of the first
electronic transitions. J. Opt. Soc. Am. B 10 (1), 100–107, 1993.
[38] G. Esen and M. S. Fuhrer: Temperature control of electromigration to form gold
nanogap junctions. Appl. Phys. Lett. 87 (26), 263101, 2005.
[39] D. K. Ferry and S. M. Goodnick: Transport in Nanostructures. Cambridge University Press, 1997.
[40] A. Franceschetti and A. Zunger: Pseudopotential calculations of electron and
hole addition spectra of InAs, InP, and Si quantum dots. Phys. Rev. B 62 (4),
2614–2623, 2000.
[41] T. A. Fulton and G. J. Dolan: Observation of single-electron charging effects in
small tunnel junctions. Phys. Rev. Lett. 59 (1), 109–112, 1987.
[42] L. J. Geerligs, D. V. Averin, and J. E. Mooij: Observation of macroscopic quantum tunneling through the Coulomb energy barrier. Phys. Rev. Lett. 65 (24),
3037–3040, 1990.
[43] D. F. Gerster: Kontaktierung von Halbleiterquantenpunkten mittels Nanoelektroden. Diplomarbeit, Universität Ulm, Institut für Halbleiterphysik, 2007.
[44] M. Getzlaff: Fundamentals of magnetism. Springer Verlag, 2008.
[45] I. Giaever and H. R. Zeller: Superconductivity of small tin particles measured by
tunneling. Phys. Rev. Lett. 20 (26), 1504–1507, 1968.
[46] H. Grabert and M. H. Devoret: Single charge tunneling: Coulomb blockade phenomena in nanostructures. Proceedings of a NATO Advanced Study Institute
on Single Charge Tunneling. Plenum Press New York and London, 1992.
[47] R. Gross and A. Marx: Festkörperphysik. Vorlesungsskript, Walther-MeissnerInstitut, Lehrstuhl für Technische Physik, 2004.
[48] R. Gross and A. Marx: Spinelektronik. Vorlesungsskript, Walther-MeissnerInstitut, Lehrstuhl für Technische Physik, 2004.
[49] K. Hamaya, M. Kitabatake, K. Shibata, M. Jung, M. Kawamura, K. Hirakawa,
T. Machida, T. Taniyama, S. Ishida, and Y. Arakawa: Electric-field control
of tunneling magnetoresistance effect in a Ni/InAs/Ni quantum-dot spin valve.
Appl. Phys. Lett. 91, 022107, 2007.

176

Bibliography
[50] K. Hamaya, S. Masubuchi, M. Kawamura, T. Machida, M. Jung, K. Shibata,
K. Hirakawa, T. Taniyama, S. Ishida, and Y. Arakawa: Spin transport through
a single self-assembled InAs quantum dot with ferromagnetic leads. Appl. Phys.
Lett. 90, 053108, 2007.
[51] H. X. He, S. Boussaad, B. Q. Xu, C. Z. Li, and N. J. Tao: Electrochemical fabrication of atomically thin metallic wires and electrodes separated with molecular-scale
gaps. J. Electroanal. Chem. 522, 167–172, 2002.
[52] P. S. Ho and T. Kwok: Electromigration in metals. Rep. Prog. Phys. 52 (3),
301–348, 1989.
[53] R. Hoffmann, D. Weissenberger, J. Hawecker, and D. Stöffler: Conductance of
gold nanojunctions thinned by electromigration. Appl. Phys. Lett. 93, 043118,
2008.
[54] A. A. Houck, J. Labaziewicz, E. K. Chan, J. A. Folk, and I. L. Chuang: Kondo
effect in electromigrated gold break junctions. Nano Lett. 5 (9), 1685–1688, 2005.
[55] S.-F. Hu, C.-L. Sung, K.-D. Huang, and Y.-M. Wan: Proximity effect of electron
beam lithography for single-electron transistor fabrication. Appl. Phys. Lett. 85
(17), 3893, 2004.
[56] H. Huntington and A. Grone: Current-induced marker motion in gold wires. J.
Phys. Chem. Solids 20 (1/2), 76, 1961.
[57] H. Ibach and H. Lüth: Festkörperphysik. Springer, 1990.
[58] Y. Igarashi, M. Jung, M. Yamamoto, A. Oiwa, T. Machida, K. Hirakawa, and
S. Tarucha: Spin-half Kondo effect in a single self-assembled InAs quantum dot
with and without an applied magnetic field. Phys. Rev. B 76 (8), 081303, 2007.
[59] J. Jasieniak, J. Pacifico, R. Signorini, A. Chiasera, M. Ferrari, A. Martucci,
and P. Mulvaney: Luminescence and amplified stimulated emission in CdSeZnS-nanocrystal-doped T iO2 and ZrO2 waveguides. Adv. Funct. Mater. 17 (10),
1654, 2007.
[60] M. H. Jo, J. E. Grose, K. Baheti, M. M. Deshmukh, J. J. Sokol, E. M. Rumberger,
D. N. Hendrickson, J. R. Long, H. Park, and D. C. Ralph: Signatures of molecular
magnetism in single-molecule transport spectroscopy. Nano Lett. 6 (9), 2014–20,
2006.

177

Bibliography
[61] M. Julliere: Tunneling between ferromagnetic films. Phys. Lett. A 54A (3),
225–226, 1975.
[62] M. Jung, K. Hirakawa, Y. Kawaguchi, S. Komiyama, S. Ishida, and Y. Arakawa:
Lateral electron transport through single self-assembled InAs quantum dots. Appl.
Phys. Lett. 86, 033106, 2005.
[63] S. Kayashima, K. Takahashi, M. Motoyama, and J. Shirakashi: Control of tunnel
resistance of nanogaps by field-emission-induced electromigration. Jpn. J. Appl.
Phys. 46 (36/40), 907, 2007.
[64] Y. V. Kervennic, H. S. J. Van der Zant, A. F. Morpurgo, L. Gurevich, and L. P.
Kouwenhoven: Nanometer-spaced electrodes with calibrated separation. Appl.
Phys. Lett. 80 (2), 321–323, 2002.
[65] D. L. Klein, P. L. McEuen, J. E. B. Katari, R. Roth, and A. P. Alivisatos: An
approach to electrical studies of single nanocrystals. Appl. Phys. Lett. 68 (18),
2574–2576, 1996.
[66] D. L. Klein, R. Roth, A. K. L. Lim, A. P. Alivisatos, and P. L. McEuen: A
single-electron transistor made from a cadmium selenide nanocrystal. Nature
389 (6652), 699–701, 1997.
[67] V. A. Krupenin, D. E. Presnov, A. B. Zorin, and J. Niemeyer: Aluminium single
electron transistors with islands isolated from the substrate. J. Low Temp. Phys.
V118 (5), 287–296, 2000.
[68] S. Kubatkin, A. Danilov, M. Hjort, J. Cornil, J. Brédas, N. Stuhr-Hansen,
P. Hedegård, and T. Bjørnholm: Single-electron transistor of a single organic
molecule with access to several redox states. Nature 425 (6959), 698–701, 2003.
[69] M. Lambert, M. Goffman, J. Bourgoin, and P. Hesto: Fabrication and characterization of sub-3 nm gaps for single-cluster and single-molecule experiments.
Nanotechnology 14 (7), 772–777, 2003.
[70] R. Landauer: Conductance as a consequence of incident flux. IBM J. Res. Develop. 1, 223, 1957.
[71] R. Landauer: Electrical resistance of disordered one-dimensional lattices. Philos.
Mag. 21 (172), 863–867, 1970.
[72] H. Latscha and H. Klein: Anorganische Chemie. Springer, 2002.

178

Bibliography
[73] P. LeClair, B. Hoex, H. Wieldraaijer, J. Kohlhepp, H. Swagten, and W. de Jonge:
Sign reversal of spin polarization in Co/Ru/Al2 O3 /Co magnetic tunnel junctions.
Phys. Rev. B 64 (10), 100406(R), 2001.
[74] W. Liang, M. P. Shores, M. Bockrath, J. R. Long, and H. Park: Kondo resonance
in a single-molecule transistor. Nature 417 (6890), 725–729, 2002.
[75] D. R. Lide: CRC handbook of chemistry and physics: a ready-reference book of
chemical and physical data. CRC press, 2004.
[76] K. K. Likharev: Correlated discrete transfer of single electrons in ultrasmall tunnel junctions. IBM J. Res. Develop. 32 (1), 144, 1988.
[77] M. Mahadevan and R. M. Bradley: Simulations and theory of electromigrationinduced slit formation in unpassivated single-crystal metal lines. Phys. Rev. B
59 (16), 11037–11046, 1999.
[78] J. Martinek, J. Barnas, S. Maekawa, H. Schoeller, and G. Schön: Spin accumulation in ferromagnetic single-electron transistors in the cotunneling regime. Phys.
Rev. B 66 (1), 014402, 2002.
[79] J. McCaffrey: Improved TEM samples of semiconductors prepared by a smallangle cleavage technique. Microsc. Res. Tech. 24 (2), 180–184, 1993.
[80] E. Moore Gordon: Cramming more components onto integrated circuits. Electronics 38 (8), 114–117, 1965.
[81] A. F. Morpurgo, C. M. Marcus, and D. B. Robinson: Controlled fabrication of
metallic electrodes with atomic separation. Appl. Phys. Lett. 74 (14), 2084–2086,
1999.
[82] C. Murray, C. Kagan, and M. Bawendi: Synthesis and characterization of
monodisperse nanocrystals and close-packed nanocrystal assemblies. Annu. Rev.
Mater. Sci. 30 (1), 545–610, 2000.
[83] Y. Nakao and K. Sone: Reversible dissolution/deposition of gold in iodine-iodideacetonitrile systems. J. Chem. Soc., Chem. Commun. pages 897–898, 1996.
[84] C. A. Neugebauer and M. B. Webb: Electrical conduction mechanism in ultrathin,
evaporated metal films. J. Appl. Phys. 33 (1), 74–82, 1962.
[85] Y. M. Niquet, C. Delerue, G. Allan, and M. Lannoo: Interpretation and theory
of tunneling experiments on single nanostructures. Phys. Rev. B 65 (16), 165334,
2002.

179

Bibliography
[86] W. Nolting: Grundkurs theoretische Physik 5/2: Quantenmechanik-Methoden
und Anwendungen. Springer, 2006.
[87] K. Ono, H. Shimada, and Y. Ootuka: Enhanced magnetic valve effect and
magneto-Coulomb oscillations in ferromagnetic single electron transistor. J.
Phys. Soc. Jpn. 66 (5), 1261–1264, 1997.
[88] H. Park, A. K. L. Lim, A. P. Alivisatos, J. Park, and P. L. McEuen: Fabrication
of metallic electrodes with nanometer separation by electromigration. Appl. Phys.
Lett. 75 (2), 301–303, 1999.
[89] H. Park, J. Park, A. K. L. Lim, E. H. Anderson, A. P. Alivisatos, and P. L.
McEuen: Nanomechanical oscillations in a single-C60 transistor. Nature 407
(6800), 57–60, 2000.
[90] J. Park, A. N. Pasupathy, J. I. Goldsmith, C. Chang, Y. Yaish, J. R. Petta,
M. Rinkoski, J. P. Sethna, H. D. Abruna, P. L. McEuen, and D. C. Ralph:
Coulomb blockade and the Kondo effect in single-atom transistors. Nature 417,
722, 2002.
[91] R. Parthasarathy, X.-M. Lin, K. Elteto, T. F. Rosenbaum, and H. M. Jaeger:
Percolating through networks of random thresholds: Finite temperature electron
tunneling in metal nanocrystal arrays. Phys. Rev. Lett. 92 (7), 076801, 2004.
[92] A. N. Pasupathy, R. C. Bialczak, J. Martinek, J. E. Grose, L. A. K. Donev, P. L.
McEuen, and D. C. Ralph: The Kondo effect in the presence of ferromagnetism.
Science 306 (5693), 86–89, 2004.
[93] Z. Peng and X. Peng: Formation of high-quality CdTe, CdSe, and CdS nanocrystals using CdO as precursor. J. Am. Chem. Soc. 123 (1), 183–4, 2001.
[94] D. Porath, Y. Levi, M. Tarabiah, and O. Millo: Tunneling spectroscopy of isolated
C60 molecules in the presence of charging effects. Phys. Rev. B 56 (15), 9829,
1997.
[95] P. H. Qi and J. B. Hiskey: Dissolution kinetics of gold in iodide solutions. Hydrometallurgy 27 (1), 47–62, 1991.
[96] P. H. Qi and J. B. Hiskey: Electrochemical behavior of gold in iodide solutions.
Hydrometallurgy 32 (2), 161–179, 1993.
[97] K. S. Ralls, D. C. Ralph, and R. A. Buhrman: Individual-defect electromigration
in metal nanobridges. Phys. Rev. B 40 (17), 11561–11570, 1989.

180

Bibliography
[98] M. A. Reed, C. Zhou, C. J. Muller, T. P. Burgin, and J. M. Tour: Conductance
of a molecular junction. Science 278 (5336), 252–254, 1997.
[99] S. Sahoo, T. Kontos, J. Furer, C. Hoffmann, M. Gräber, A. Cottet, and C. Schönenberger: Electric field control of spin transport. Nat. Phys. 1 (2), 99–102,
2005.
[100] M. Saitoh and T. Hiramoto: Observation of current staircase due to large quantum level spacing in a silicon single-electron transistor with low parasitic series
resistance. J. Appl. Phys. 91 (10), 6725–6728, 2002.
[101] M. Saitoh, T. Saito, T. Inukai, and T. Hiramoto: Transport spectroscopy of the
ultrasmall silicon quantum dot in a single-electron transistor. Appl. Phys. Lett.
79 (13), 2025–2027, 2001.
[102] T. Sato, H. Ahmed, D. Brown, and B. F. G. Johnson: Single electron transistor
using a molecularly linked gold colloidal particle chain. J. Appl. Phys. 82 (2),
696–701, 1997.
[103] T. Sato, D. G. Hasko, and H. Ahmed: Nanoscale colloidal particles: Monolayer
organization and patterning. J. Vac. Sci. Technol. B 15 (1), 45–48, 1997.
[104] U. Schroeter, E. Scheer, R. Arnold, C. Bacca, T. Bohler, J. Grebing, P. Konrad,
V. Kunej, N. Kang, H. Pernau, and C. Schirm: Current transport at the atomic
scale. Adv. Eng. Mater. 7 (9), 2005.
[105] K. Seeger: Semiconductor Physics: An Introduction. Springer, 9th edition, 2004.
[106] M. Sharma, S. X. Wang, and J. H. Nickel: Inversion of spin polarization and
tunneling magnetoresistance in spin-dependent tunneling junctions. Phys. Rev.
Lett. 82 (3), 616–619, 1999.
[107] J. G. Simmons: Generalized formula for the electric tunnel effect between similar
electrodes separated by a thin insulating film. J. Appl. Phys. 34 (6), 1793–1803,
1963.
[108] J. C. Slonczewski: Conductance and exchange coupling of two ferromagnets separated by a tunneling barrier. Phys. Rev. B 39 (10), 6995–7002, 1989.
[109] R. S. Sorbello: Electromigration and the local transport field in mesoscopic systems. Phys. Rev. B 39 (8), 4984–4996, 1989.

181

Bibliography
[110] R. Sordan, K. Balasubramanian, M. Burghard, and K. Kern: Coulomb blockade
phenomena in electromigration break junctions. Appl. Phys. Lett. 87 (1), 013106,
2005.
[111] J. Stöhr and H. C. Siegmann: Magnetism: From fundamentals to nanoscale
dynamics. Springer Series in Solid-State Physics 152, 2006.
[112] D. R. Strachan, D. E. Smith, M. D. Fischbein, D. E. Johnston, B. S. Guiton,
M. Drndic, D. A. Bonnell, and A. T. Johnson: Clean electromigrated nanogaps
imaged by transmission electron microscopy. Nano Lett. 6 (3), 441–444, 2006.
[113] D. R. Strachan, D. E. Smith, D. E. Johnston, T.-H. Park, M. J. Therien, D. A.
Bonnell, and A. T. Johnson: Controlled fabrication of nanogaps in ambient environment for molecular electronics. Appl. Phys. Lett. 86 (4), 043109, 2005.
[114] L. F. Sun, S. N. Chin, E. Marx, K. S. Curtis, N. C. Greenham, and C. J. B.
Ford: Shadow-evaporated nanometre-sized gaps and their use in electrical studies
of nanocrystals. Nanotechnology 16 (6), 631–634, 2005.
[115] D. Talapin, A. Rogach, A. Kornowski, M. Haase, and H. Weller: Highly
luminescent monodisperse CdSe and CdSe/ZnS nanocrystals synthesized in a
hexadecylamine-trioctylphosphine oxide-trioctylphospine mixture. Nano Lett. 1
(4), 207–211, 2001.
[116] T. Taychatanapat, K. I. Bolotin, F. Kuemmeth, and D. C. Ralph: Imaging electromigration during the formation of break junctions. Nano Lett. 7 (3), 652–656,
2007.
[117] M. L. Trouwborst, S. J. van der Molen, and B. J. van Wees: The role of joule
heating in the formation of nanogaps by electromigration. J. Appl. Phys. 99 (11),
114316, 2006.
[118] A. Umeno and K. Hirakawa: Fabrication of atomic-scale gold junctions by electrochemical plating technique using a common medical disinfectant. In AIP Conference Proceedings 772 (1), 1071–1072, 2005.
[119] A. Umeno and K. Hirakawa: Fabrication of atomic-scale gold junctions by electrochemical plating using a common medical liquid. Appl. Phys. Lett. 86 (14),
143103, 2005.
[120] J. F. Van der Maelen Uría, S. García-Granda, and A. Menéndez-Velázquez: Solving one-dimensional Schrödinger-like equations using a numerical matrix method.
Am. J. Phys. 64 (3), 327–332, 1996.

182

Bibliography
[121] H. S. J. van der Zant: Experimental approaches in transport through single
molecules. Lecture Notes, CFN Summer School 2005 - Nano-Electronics, 2005.
[122] H. S. J. van der Zant, Y. V. Kervennic, M. Poot, K. O’Neill, Z. Groot, J. M.
Thijssen, H. B. Heersche, N. Stuhr-Hansen, T. Bjørnholm, D. Vanmaekelbergh,
C. A. van Walreed, and L. W. Jenneskensd: Molecular three-terminal devices:
fabrication and measurements. Faraday Discuss. 131, 347–356, 2006.
[123] J. M. van Ruitenbeek, A. Alvarez, I. Piñeyro, C. Grahmann, P. Joyez, M. H. Devoret, D. Esteve, and C. Urbina: Adjustable nanofabricated atomic size contacts.
Rev. Sci. Instrum. 67 (1), 108–111, 1996.
[124] 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: Quantized conductance of
point contacts in a two-dimensional electron gas. Phys. Rev. Lett. 60 (9), 848–
850, 1988.
[125] B. R. Walker, R. A. Wassel, D. M. Stefanescu, and C. B. Gorman: Bifunctional,
conjugated oligomers for orthogonal self-assembly: Selectivity varies from planar
substrates to nanoparticles. J. Am. Chem. Soc. 126 (50), 16330–16331, 2004.
[126] D. Wharam, T. Thornton, R. Newbury, M. Pepper, H. Ahmed, J. Frost, D. Hasko,
D. Peacock, D. Ritchie, and G. Jones: One-dimensional transport and the quantisation of the ballistic resistance. J. Phys. C: Solid State Phys. 21 (8), L209–L214,
1988.
[127] C. R. Wolf, A. Ladenburger, R. Enchelmaier, K. Thonke, and R. Sauer: SOIbased silicon quantum dots contacted by self-aligned nano-electrodes. In Mater.
Res. Soc. Symp. Proc. 958 (L10-21), 269, 2007.
[128] C. R. Wolf, K. Thonke, and R. Sauer: Single-electron transistors based on selfassembled silicon-on-insulator quantum dots. Appl. Phys. Lett. 96 (14), 142108,
2010.
[129] Z. M. Wu, M. Steinacher, R. Huber, M. Calame, S. J. van der Molen, and C. Schönenberger: Feedback controlled electromigration in four-terminal nanojunctions.
Appl. Phys. Lett. 91 (5), 053118, 2007.
[130] S. Yuasa, T. Nagahama, and Y. Suzuki: Spin-polarized resonant tunneling in
magnetic tunnel junctions. Science 297 (5579), 234–237, 2002.

183

Bibliography
[131] L. Zhuang, L. Guo, and S. Y. Chou: Silicon single-electron quantum-dot transistor switch operating at room temperature. Appl. Phys. Lett. 72 (10), 1205–1207,
1998.

184

Publications
Papers
• Conrad R. Wolf, Klaus Thonke, and Rolf Sauer: Single-electron transistors
based on self-assembled silicon-on-insulator quantum dots, Appl. Phys.
Lett. 96, 142108 (2010).
• Conrad R. Wolf, Andreas Ladenburger, Rainer Enchelmaier, Klaus Thonke, and
Rolf Sauer: SOI-based silicon quantum dots contacted by self-aligned
nano-electrodes, Mater. Res. Soc. Symp. Proc. 958, L10-21 (2007).
• David O. S. Melville, Richard J. Blaikie, and Conrad R. Wolf: Submicron
imaging with a planar silver lens, Appl. Phys. Lett. 84, 4403–4405 (2004).

Talks
• Conrad R. Wolf, Daniel Gerster, Klaus Thonke, and Rolf Sauer: Fabrication of
nano-electrodes by means of controlled electrochemical deposition of
gold, DPG Frühjahrstagung 2008, Berlin (Germany).
• Conrad R. Wolf, Daniel Gerster, Klaus Thonke, and Rolf Sauer: Fabrication
of nano-electrodes by means of controlled electrochemical deposition
of gold, Workshop Metal Deposition for Emerging Nanoelectronic Applications
2007, Schloß Reisensburg, Günzburg (Germany).
• Conrad R. Wolf, Klaus Thonke, and Rolf Sauer: Fabrication of silicon quantum dot single-electron transistors by a combination of self-assembly
and self-alignment techniques, E-MRS Spring Meeting 2007, Strasbourg
(France).
• Conrad R. Wolf, Klaus Thonke, and Rolf Sauer: SOI-based single-electron
transistors fabricated by a combination of self-assembly and self-alignment techniques, DPG Frühjahrstagung 2007, Regensburg (Germany).

185

Publications
• Conrad R. Wolf: Contacting self-assembled nanostructures with electromigrated nano-electrodes, 2 nd SFB 569 Young Researcher Meeting 2006,
Hirschegg (Austria).

Posters
• Conrad R. Wolf, Klaus Thonke, and Rolf Sauer: Contacting individual semiconductor quantum dots to fabricate single-electron devices, 413. WEHeraeus-Seminar: “Single CHarge Effects in SEmiconductor Nanostructures”
2008, Bad Honnef (Germany).
• Conrad R. Wolf, Klaus Thonke, and Rolf Sauer: Fabrication of nano-electrodes by controlled electromigration and electrochemical deposition, 4 th
SFB 513 Workshop 2008, Konstanz (Germany).
• Conrad R. Wolf, Daniel Gerster, Klaus Thonke, and Rolf Sauer: Contacting
semiconductor quantum dots with nano-electrodes, CFN Summer School
“Nano-Electronics” 2007, Bad Herrenalb (Germany).
• Conrad R. Wolf, Klaus Thonke, and Rolf Sauer: Fabrication and characterization of self-assembled and self-aligned SOI-based single-electron
transistors, Trends in Nanoscience 2007, Kloster Irsee (Germany).
• Conrad R. Wolf, Andreas Ladenburger, Rainer Enchelmaier, Klaus Thonke, and
Rolf Sauer: SOI-based silicon quantum dots contacted by self-aligned
nano-electrodes, MRS Fall Meeting 2006, Boston (USA).

186

Danksagung
Ich möchte die Gelegenheit nutzen und mich bei allen bedanken, die zum Gelingen
dieser Arbeit in irgendeiner Weise beigetragen oder mich während der Zeit der Promotion begleitet haben. Auch wenn die Aufzählung wahrscheinlich nicht vollständig ist,
möchte ich doch einige Personen namentlich nennen:
Besonders möchte ich mich bei apl. Prof. Dr. Klaus Thonke bedanken, der mich
während meiner gesamten Promotionszeit fachlich betreut und schließlich auch meine
Dissertation begutachtet hat. Er ließ mir stets genug Raum, um meine eigenen Ideen zu
verwirklichen, stand mir aber trotzdem immer mit Rat zur Seite. Sowohl im Rahmen
der Promotion als auch als Assistent bei seiner Vorlesung Physik für Ingenieure, die er
leidenschaftlich betreut, konnte ich viel lernen.
Prof. Dr. Joachim Ankerhold danke ich herzlich für die Bereitschaft, das
Zweitgutachten meiner Arbeit zu übernehmen.
Mein außerordentlicher Dank gebührt Herrn Prof. Dr. Rolf Sauer, dem Institutsleiter, der es mir überhaupt erst ermöglicht hat, eine Promotion anzustreben. Ich
danke ihm für den großen Vertrauensvorschuss, den er mir entgegengebracht hat, und
für das besondere Engagement bezüglich der Finanzierung seiner Doktoranden.
Bei meinem Diplomanden Daniel Gerster möchte ich mich für seinen Einsatz an
der Elektrochemie-Front bedanken und ihn bitten, mir eventuelle Unzulänglichkeiten
bei seiner Betreuung nachzusehen. Auch als Bürokollege war er mir eine Bereicherung.
Seinen Vorgängern Thomas Hummel und Sybille Frank möchte ich ebenfalls für
die gute Zeit und die angenehme Atmosphäre im gemeinsamen Büro danken.
Unser akademischer Rat Dr. Wolfgang Limmer hat mich durch seine strukturierte
und nachhaltige Arbeitsweise beeindruckt und war mir so stets ein Vorbild. Auch bei
fachlichen Fragen und Diskussionen konnte er oft weiterhelfen.
Anton Reiser, Andreas Ladenburger und Rainer Enchelmaier haben mich
besonders in der Anfangsphase meiner Arbeit in das Druidenwissen über diverse
Prozesse der Selbstorganisation und des Trockenätzens eingeweiht. Auch Nicole
Rothenhöfer möchte ich hier für die Probenprozessierung danken.
Was das REM betrifft, war Dr. Martin Schirra immer ein guter Ansprechpartner,
aber auch für die zahlreichen privaten Gespräche nach Dienstschluss möchte ich mich
bei ihm bedanken. Dieser Dank gilt auch Dr. Günther Prinz, dessen aufrichtige Art

187

ich stets bewundert habe.
Dr. Martin Feneberg hat mir bei allen Fragen unter die Arme gegriffen, die
Kryostaten und Helium betrafen. Außerdem hat er sich um die Organisation der ein
oder anderen gemeinsamen Fahrt zur DPG-Frühjahrstagung verdient gemacht, die mir
sehr positiv im Gedächtnis bleiben werden.
Michael Glunk alias Glunki hatte immer ein offenes Ohr, wenn es um das Diskutieren abgefahrener Theorien ging. Wahrscheinlich habe ich damit seine Promotion um
mindestens ein Jahr hinausgezögert.
Unser AFM-Guru Uwe Röder half mir stets dabei, meiner Aufgabe als Geräteverantwortlicher nachzukommen. Dafür möchte ich ihm danken. Auch als Weihnachtsmann werde ich mich wohl noch eine Weile an ihn erinnern.
Ohne Petra Silber, die sich wunderbar um alles Organisatorische kümmerte und mir
auch noch beim zehnten Mal Ausfüllen eines Hiwi-Vertrags half, und Kurt Schwarz,
der immer ein offenes Ohr und eine helfende Hand hatte, wäre die Abteilung nicht das
gewesen, was sie war.
Schließlich möchte ich mich sowohl bei den bereits genannten als auch bei allen noch
nicht namentlich erwähnten Institutsmitgliedern für die tolle Zeit bedanken, die ich
mit ihnen verbringen durfte. Ich fühlte mich stets wohl in der lockeren, kollegialen
Atmosphäre und erinnere mich oft und gerne an meine Zeit in der Halbleiterphysik.
Herrn Yakiv Men vom Institut für Elektronische Bauelemente und Schaltungen
danke ich für das Schreiben unzähliger Proben mit dem Elektronenstrahlschreiber und
seine damit verbundene Geduld. Dr. Joachim Kusterer und David Maier standen
mir oft mit Rat und Tat zur Seite, wenn es um Prozesstechnik oder die Wafersäge ging,
mit welcher ich auf Kriegsfuß stand.
Dr. Vladimir Breus und Dr. Colin Heyes vom Institut für Biophysik danke
ich für das zur Verfügung stellen der CdSe/ZnS-QDs, ohne die ein Teil dieser Arbeit
nicht möglich gewesen wäre. Vladimir möchte ich in diesem Zusammenhang nochmal
besonders für die Daten danken, welche er mir am Ende der Zusammenschreibphase
kurzfristig noch zugeschickt hat.
Des Weiteren gilt mein Dank Christian Zaubitzer und Sören Selve aus der Zentralen Einrichtung Elektronenmikroskopie, die die TEM-Untersuchungen an meinen
Proben und die damit verbundene, aufwendige Präparation durchgeführt haben.
Bei Prof. Dr. Dieter Kolb vom Institut für Elektrochemie möchte ich mich für die
Unterstützung in elektrochemischen Fragen und für die Einladung zu seinem Workshop
für Metallabscheidung bedanken, auf dem ich von meiner Arbeit berichten durfte.
Meinem Abiturkollegen Dr. Matthias Braun, den ich für einige Jahre aus
den Augen verloren hatte und dann zufällig auf der DPG-Frühjahrstagung traf um
festzustellen, dass wir auf einem ähnlichen Gebiet arbeiten, danke ich für die erleuch-

188

tenden Gespräche zu seiner Theorie der Quantum Dot Spin Valves. Außerdem sei
nochmal erwähnt, dass er mir entsprechende Abbildungen für diese Arbeit zur Verfügung gestellt hat.
Meiner gesamten Familie danke ich für die moralische Unterstützung. Außerdem
habe ich ihr zu verdanken, dass ich ein Studium absolvieren und so die Promotion
antreten konnte.
Zuletzt möchte ich mich noch bei meiner Lebensgefährtin Heike bedanken, die es
während meiner Promotion und auch in der Zusammenschreibphase nicht leicht hatte
und oft auf gemeinsame Zeit verzichten musste. Ihr danke ich für ihre Geduld und die
Unterstützung, wenn es einmal nicht so vorwärts ging.

189

