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Zum elektronischen Transport durch einzelne Moleklle
in Nanostrukturen

Kurzfassung

Diese Arbeit fasst die Ergebnisse von Transportexperimenten an unterschiedlichen Nanos-
trukturen zusammen. Dabei werden im Wesentlichen zwei Themen behandelt. Zum Einen
wird ein Ansatz zur Kontaktierung und Untersuchung von Molekiilen auf der Grundlage von
Elektromigration beschrieben. Ein Feedback-kontrollierter Mechanismus wurde zur Bildung
von nur wenige Nanometer breiten Liicken in Strukturen aus diinnen metallischen Schichten
verwendet. Seine Handhabung sowie die Entwicklung des Probenwiderstandes wihrend des
Prozesses werden im Detail beschrieben. Weiterhin wird die Temperaturerh6hung in diin-
nen stromfiithrenden Leitern durch Joulesche Wirme mit einem zweidimensionalen Mod-
ell numerisch berechnet. Inbesondere der Einfluss der thermischen Leitfdhigkeit des Sub-
strates und der Probengeometrie auf das lokale Aufheizen einer Metallstruktur wihrend
gezielter Elektromigration wird analysiert. Zuletzt werden erste Leitfahigkeitsmessungen an
Oligophenyl-Ethynylen-Molekiilen, die zwischen den erzeugten Elektrodenpaaren deponiert
wurden, gezeigt und diskutiert.

Zum Anderen werden im vorliegenden Text Tieftemperaturmessungen an einem System von
Kohlenstoffnanoréhrchen (carbon nanotubes, kurz: CNTs) présentiert, welches Charakteris-
tiken von untereinander kapazitiv gekoppelten Quantenpunkten erkennen lie. Die Pripa-
ration der Proben und ihre Untersuchung im 3He-*He-Mischkryostaten werden erklirt. Des
Weiteren werden numerische Simulationen erldutert, die eine Reproduktion des experimentell
beobachteten Transportverhaltens und die Zuordnung einzelner Merkmale der Messungen zu
physikalischen Kontakt- und Kopplungseigenschaften der Nanorohren erlauben.



On Electronic Transport through Single Molecules
in Nanostructures

Abstract

This thesis summarizes transport experiments performed on different nanostructures. Two
main topics are treated. On the one hand, an approach for contacting and measuring molecules
based on electromigration is presented. A feedback-controlled mechanism has been employed
to generate gaps only a few nanometers wide in structures prepared from thin metallic films.
The procedure is explained and a detailed description of the development of the sample re-
sistance vs. bias voltage measured during the gap formation process is given. Furthermore,
the temperature rise in thin current carrying conductors by Joule heating is numerically deter-
mined with a two-dimensional model. In particular, the influence of the thermal conductance
of the substrate on the heating of a sample during deliberate electromigration is analyzed. Fi-
nally, first conductance measurements on oligo(phenylene ethynylene) molecules placed in the
generated nanogaps are described and interpreted.

On the other hand, the results of low temperature transport measurements on a system of carbon
nanotubes (CNTs) which revealed characteristics of capacitively coupled quantum dots are
shown. The preparation of samples and their investigation in a *He/*He dilution refrigerator are
explained. In addition, numerical simulations are introduced, which allow the reproduction of
features of the experimentally observed conductance behavior and their attribution to physical
properties of the interacting CNTs.
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1 Motivation

Field effect transistors are of central importance for every modern electronic circuit. The cur-
rent flow from the source to the drain contact of these three-terminal devices can be influenced
by a third electrode, the gate. By now, the continuous miniaturization of those building blocks
is reaching the length scales of molecules. At such small dimensions coherence is an important
issue. It would lead to interference effects in the interplay of two or even more of said com-
ponents which are not considered in the classical transport theory of charge carriers and could
crucially alter the transport behavior of an entire electronic circuit. One might want to avoid or
be able to exploit such interference effects, but either way one has to know about their nature.
It was the aim of this PhD project to investigate coherence in molecular transport with the
help of the Aharonov-Bohm effect, which was first predicted in 1959 as a manifestation of the
effect of the vector potential of a magnetic field on the quantum mechanical phase of charged
particles [1]. In metals, it leads to periodic fluctuations in the magnetoresistance of multiply
connected structures if electron transport through them is phase-coherent. This is the case as
long as only elastic scattering occurs, i. e. the charge carriers do not exchange neither energy
nor spin with the lattice in an inelastic manner. Thus the device has to be smaller than the
inelastic electron mean free path /;, [2, 3].

Consequently, our realization of experiments with macromolecules started with the structuring
of metallic rings smaller than /;;,. Gold is a suitable metal for this purpose. At low temperatures,
the inelastic electron mean free path /;;(Au) is of the order of one micron, essentially limited
only by the distance of magnetic impurities. Apart from that, gold also has further experimental
advantages. To list only a few, it does not corrode in air, is available in high purity, can easily
be evaporated and can form covalent bonds to molecules with a thiol end group [4, 5]. The
details of the sample preparation procedure are given in Secs. 3.1.1 and 3.1.2.
Macromolecules with an experimentally reasonable conductance are usually of the size of a
few nanometers only. Up until now, electrodes with such a small spacing cannot be fabricated
by standard lithography techniques. Section 2.1 gives a short overview over the field of single-
molecule transport measurements and the various contacting methods tried so far. In particular,
the concept of electromigration and its application in this context are introduced in Sec. 2.2.
For the integration of macromolecules into metallic structures suitable for Aharonov-Bohm
measurements in the framework of this thesis, we generated a nanogap in each of the two ring
arms by feedback-controlled electromigration [6, 7] thus creating two electrode pairs. The
procedure is explained in Sec. 3.1.3 and its results are analyzed in Sec. 4.1.

Preferably, a single specimen of a known molecule should be bridging each of the two elec-
trode pairs. Working in an environment as clean as possible is thus a prerequisite for reliable
measurements and results. In that respect, in-situ electromigration and immediate molecule de-
position by sublimation in a cryostat would have been the optimal method. However, synthesis
of a suitable molecule proved very challenging and in the end we had to resort to deposition
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from solution. Process and results can be found in Secs. 3.1.4 and 4.2, respectively.

After several attempts and scarce results we realized that we are not able to provide the statis-
tics necessary to extract meaningful results from our measurements on macromolecules in a
reasonable time. Therefore we decided to focus on even larger molecular structures, namely
Carbon Nanotubes (CNTs). In Sec. 2.3 their molecular and electronic properties are introduced
[8-10], followed by a theoretical treatment of transport through spatially confined structures
weakly coupled to their surroundings in Sec. 2.4. Typically, a suppression of conductance in
the low bias regime is observed. This phenomenon is called Coulomb blockade. It can be lifted
by applying an appropriate voltage to a third, capacitively coupled electrode [11]. We therefore
implemented two separately addressable gates in the sample layout to independently shift the
energy spectra of our two conduction channels.

Working with CNTs had several advantages for us. First of all, they can be up to several
centimeters long [12], so their contacting does not require electromigration. Second, we could
build on the experience of the group of Prof. Ralph Krupke at the INT with the deposition of
CNTs by ac-dielectrophoresis [13, 14]. The complete sample preparation and this technique in
particular are described in Sec. 3.2.

At low temperatures the inelastic mean free path of electrons in metals is enlarged as mentioned
above. Therefore we intended to test for Aharonov-Bohm oscillations in a *He/*He dilution
refrigerator that can reach a base temperature below 10 mK. A superconducting magnet to
generate fields of up to 8 T is also incorporated in the device. With this cryostat we investigated
the low temperature transport of carbon nanotubes in a unique sample layout: Two parallel
CNTs in a ring structure, each tunable by a separate gate. Our gate- and bias-dependent low-
temperature transport measurements are presented in Secs. 4.3.1 and 4.3.2. Experiments with
a similar sample are reported in Ref. 15. However, the two CNT junctions included in the ring
structures desribed there were formed by parts of the same tube. Furthermore, the metal used
for contacting was aluminum with a superconducting transition temperature of 7c = 1.2K.
The focus of the published low-temperature measurements lay on the SQUID behavior of the
generated device.

With the help of numerical calculations described in Sec. 4.3.3, our experimental findings can
be reproduced and interpreted as specified in Sec. 4.3.4. Up to date, all our measurement
results can be explained by a model that does not take into account coherence. Magnetore-
sistance measurements were also performed, but proved challenging and so far showed no
signs of periodic oscillations. In summary, we still cannot prove coherence in low-temperature
transport through carbon nanotubes in an Aharonov-Bohm ring structure and further investi-
gations remain to be carried out. Chapter 5 gives a detailed overview over both the work on
macromolecules and carbon nanotubes performed in the framework of this thesis.
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This chapter gives a short introduction to the field of single-molecule transport measurements
in Sec. 2.1. Subsequently, the concept of electromigration, which was used in the course of this
PhD project for the contacting of macromolecules, is explained in Sec. 2.2. For comparison to
our experiments, previously obtained results from the low-temperature transport investigation
of carbon nanotubes is presented in Sec. 2.3. Finally, tunneling through nanostructures is
described in Sec. 2.4 within the framework of the sequential tunneling model (SQTM). The
numerical simulations developed later in this thesis for the interpretation of the data from CNT
experiments are based on the concepts introduced in that section.

2.1 Single-Molecule Transport Measurements

For the incorporation of macromolecules into electronic circuits, the transport characteristics
of various species have to be investigated to find a suitable component for the respective appli-
cation as e. g. rectifier, switch or transistor. Measuring the electric transport through a single
specimen of a molecular compound is a crucial prerequisite for this analysis. However, even
today this is a challenging task.

The first transport measurements on molecules were performed using Langmuir-Blodgett
films [16, 17] or SAMs (Self-Assembled Monolayers). They were contacted with macro-
scopic electrodes, thus the entire layer contributed to the conductance. Initially, these ex-
periments were aiming at the investigation of tunneling through insulating dielectrics [18].
Thin Langmuir-Blodgett films are ideal spacers for the verification of its exponential distance
dependence because of their high degree of order and thus homogeneous, known and scalable
thickness. Nowadays, SAMs find a wide range of present and possible future applications
[19, 20]. However, aggregations of a large number of interacting molecules do not show
exactly the same characteristics as a single specimen.

The invention of the Scanning Tunneling Microscope (STM) [21, 22] made the selection of and
transport measurements through single molecules possible. A STM tip can serve as a contact
electrode of atomic dimension. However, only spatially extended counter electrodes are feasi-
ble. To exclude modification of the conduction by the substrate, the molecules therefore have
to be placed upright to reduce contact with its surface. An early approach to achieve this was
again their incorporation into SAMs. Yet, in this way the environment still influences trans-
port and addressing a single molecule is not guaranteed without further measures. Chemical
bonding to tip and substrate [23] have been proposed as a solution to the latter difficulty. Nev-
ertheless, the surrounding molecules remain a hindrance. Consequently, it is more common
today to work with single molecules in solution. They are repeatedly pulled upright from a
metallic surface with the STM tip whilst -V curves are recorded. Due to the variation in con-
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tact conformation, averaging over many individual contacting cycles is necessary. Results are
therefore presented in the form of conductance histograms constructed from a large number
of traces [24]. Consequences of molecule conformation [25] and the linker group [26-28] on
transport have been investigated using this technique.

A similar method to measure single molecule transport is placing them in a Mechanically
Controlled Break Junction (MCBJ) [29]. These devices are composed of a notched metallic
structure on a flexible substrate, which is fractured by bending it with an adjustable rod. Alter-
natively after or prior to breaking, molecules are deposited on the junction from solution, often
making use of self-assembly again [30]. The advantage of this approach is its operability in air
or even vacuum and also at cryogenic temperatures as it does not require a liquid environment.
Furthermore, the formed contacts are more stable than contacts with a STM. A drawback how-
ever is the slower speed of opening and closing of the electrode gap, which is nevertheless still
sufficient to produce a statistically relevant amount of data [31].

All contacting techniques described so far have the disadvantage that it is not possible to in-
clude a third electrode for gating in the setup. However, this is crucial for the investigation
of transport characteristics of spatially confined structures and for single molecule switching
devices. Nanometer-spaced electrodes for single-molecule measurements in a planar geometry
can be generated by electromigration (EM) which is introduced in Sec. 2.2. The experimental
implementation of this technique is explained in Sec. 3.1.3 and the process of gap formation
during electromigration is analyzed in detail in Sec. 4.1. The choice of molecules and their
synthesis are described in Sec. 3.1.4, followed by a brief outline of the procedure of deposition
from solution. Finally, the obtained measurements are discussed in Sec. 4.2.

2.2 Electromigration

The term “electromigration” refers to a thermally assisted ion diffusion process in a conductor
under the influence of an applied electric field. Two force components act on the metal ions
in this case: the so-called direct electrostatic force and the so-called electron wind due to the
impact of conduction electrons:

= =3

Feft = Fairect + ﬁwindforce = le|l(Z + ZW)E = |e|Z¥Ev (2.1)

where E is the applied electric field and e the elementary electric charge. |e|Z* is called
the effective charge. The exact dependence of the dimensionless parameter Z* and thus the
strength and direction of the resulting net force Feff on electronic and structural properties of
the respective material is discussed e. g. in Ref. 32. Experimentally found values for various
metals are also summarized in this review. For gold, which was used for the measurements
described here, atomic motion follows the electron flow.

Electromigration has been known and studied in bulk metals for more than a century, but
it only attracted real attention when it became technologically relevant as a major cause for
the failure of aluminum conductors in microelectronic circuits in the 1960s. In thin films, ion
displacement occurs mainly along grain boundaries and surfaces, but as in bulk, it is essentially
determined by two parameters: temperature 7" and current density j [32]. However, these two
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quantities cannot be tuned independently because of Joule heating. Thus, if electromigration
is to be employed for the formation of nanometer-sized junctions, the experimental parameters
have to be optimized with respect to two competing requirements. On the one hand, material
transport accelerates with 7" and j. For observability on a reasonable time scale an increase of
both variables and hence a sufficiently large electric power is necessary. On the other hand,
melting of the material and associated droplet formation due to surface tension have to be
avoided. Comparison of the electromigration process in bulk material and in thin films reveals
fundamental differences with respect to the two control parameters. A thermally conducting
substrate in contact with a metal layer assists heat dissipation. Therefore thin films can support
a current density orders of magnitude higher than the bulk and significant material transport
can be observed on much shorter time scales [32].

The ion displacement caused by electron impact leads to the formation of voids and hillocks
and can ultimately break the electrical contact due to slits separating the structure. Gap forma-
tion preferably starts in spots where temperature and current density rise above average. The
position of these nucleation centers can be determined by either the sample geometry (e. g.
layer thickness and structure width) or the microstructure of the metal (e. g. defects or grain
boundaries) [32, 33]. In summary, the electromigration process is influenced by material dif-
fusivity, current density, temperature, conductor geometry and microstructure [33]. A control
mechanism has to take into account all these quantities.

In 1999, first attempts to use electromigration deliberately for the formation of nanometer-
spaced electrode pairs in thin metallic wires were made [6]. They already aimed at contact-
ing single molecules. Electromigration was performed in an uncontrolled way by ramping a
current through the sample and simultaneously monitoring the voltage drop in a four-probe
configuration. A drastic conductance decrease eventually indicated breaking of the structure.
Although this method was claimed to be highly reproducible, it quickly became clear that fur-
ther control over the electromigration process is crucial to raise the yield of nanogaps instead
of macroscopic voids.

Furthermore, uncontrolled electromigration was mostly conducted at cryogenic temperatures
to avoid melting. First results on electrical transport characteristics of single molecules con-
tacted with this method were soon published [34-36]. However, a few years later several
groups found out that after electromigration at cryogenic temperatures metallic clusters often
remain in the generated junctions [37-39]. Doubts arose about whether the observed Coulomb
blockade and Kondo effect could really be attributed to trapped molecules. Metallic islands
can show the same transport characteristics and obstruct conclusive data analysis.

At the same time an active-feedback-loop controlled electromigration method was developed
[7, 37]. It has been reported to reliably produce nanogaps and to be practical even at room
temperature under ambient conditions. In addition, a higher yield of empty gaps compared
to uncontrolled electromigration at low temperatures have been claimed [7, 40]. Today, this
method is still the state of the art and it has also been used for this work. The details of the
feedback-controlled electromigration procedure are described in Sec. 3.1.3 together with our
realization of it.
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2.3 Previous Low Temperature Transport Measurements on
Carbon Nanotubes

Carbon nanotubes are cylindrical macromolecules that consist solely of carbon and can be
regarded as rolled-up graphene sheets. Their structure as well as their electronic properties can
be derived from the honeycomb lattice of the two-dimensional carbon allotrope which can be
seen as two interpenetrating triangular lattices spanned by the unit vectors [41, 42]

i = g(\fs, D, &= §<x/§,—1> (2.2)

where a is the lattice constant. It derives from the length of the in-plane carbon-carbon bonds
ac—c = 1.42A to

a=\3ac_c (2.3)

The carbon atoms in the graphene lattice are sp>-hybridized. In-plane they are linked to three
neighbors via o-bonds. Additionally, the remaining p-orbitals perpendicular to the carbon sheet
overlap with each other and form delocalized z- (bonding) and z*- (antibonding) orbitals.
Wrapping of a two-dimensional graphene sheet into a cylindrical CNT is illustrated in Fig. 2.1.
It is described by a lattice vector C;, which runs along the circumference of the tube. Expressed
in terms of the basis vectors a7 and @ it is

Ch=n-a+m-a with mneZ. 2.4)

The thus defined tuple (n,m) characterizes the structural and electronic properties of every tube.
Foremost, its diameter d can be derived via

G
d=M=ﬁ\/n2+nm+m2. (2.5)
r P s

Second, the chirality of the CNT is equally determined by the integer pair (n,m) because the
tilt angle 6 of the hexagons with respect to the nanotube axis is given by

Cv-ai _ 2n+m

ICul - @1l 24/n% + nm + m?

Furthermore, periodic Born-von Karman boundary conditions restrict the electronic states of
the CNT along its circumference. Applying the Bloch theorem to the wavefunction w3 (7), it
can be expressed as [8, 41, 43]:

os 6 (2.6)

wi(F + Cp) = e*Chy (F) = wp(F)

& kCp,=2rx-j with jeZ 2.7
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(6.6)

Figure 2.1 [Illustration of the wrapping of a CNT Figure 2.2 Sketch of a (6,6) carbon nanotube. Im-
along the chiral vector @,. The vector T L (7,, de- age taken from Ref. 41.
termines the length of the unit cell.

which simplified with Eq. (2.5) yields a quantization condition for k., i.e. in the direction
perpendicular to the nanotube axis:

kil |Chl = ky-dn=2m-j

2

In the direction 75” parallel to the nanotube axis on the other hand, the spectrum of allowed
values is continuous, if the CNT is considered to be infinitely long.

The one-dimensional energy bands of CNTs can be obtained by slicing the two-dimensional
energy dispersion relation of graphene. Figure 2.3 and 2.4 illustrate the projection of the al-
lowed k vectors of a (5,5) CNT onto the Brillouin zone and the dispersion relation of graphene,
respectively. The resulting one-dimensional band structure of the metallic tube can be found in
Fig. 2.5. For comparison the band structure of a semiconducting (10,0) zig-zag tube is placed
alongside in Fig. 2.6.

Whether a carbon nanotube is metallic or semiconducting depends on the position of the al-
lowed k vectors in the graphene Brillouin zone with respect to the zero band-gap points, i. e.
the vertices K and K'. To be an allowed electronic state of a CNT, the vector K

= 2
K= 3—”(1, V3/3), (2.9)
a
has to fulfill the quantization condition in Eq. (2.7), yielding

S m—m)=3-j with jmneZ

27 - j
(2.10)
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Ak, =Ky
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d N
d K
* |
z=k1
/
\ /
Figure 2.3 Projection of the allowed k vectors of Figure 2.4 Slicing of the two-dimensional disper-
a (5,5) CNT onto the Brillouin zone of graphene. sion relation of graphene by the one-dimensional en-
Sketch adapted from Ref. 41. ergy bands of a (5,5) CNT. Image taken from Ref. 41.
Figure 2.5 Band structure of a metallic (5,5) CNT. Figure 2.6 Band structure of a semiconducting
Graph taken from Ref. 41. (10,0) zig-zag CNT. Graph taken from Ref. 41.

i.e. a third of all CNTs is metallic and two thirds are semiconductors with varying band gaps.
For this work, only metallic single-walled tubes with d = 1.2 £ 0.2 nm were used.

The transport properties of carbon nanotubes have already been investigated at cryogenic tem-
peratures by many groups. Some of the first results on single tubes have been published in Ref.
9. They were obtained with a CNT contacted by two platinum electrodes on top of a Si/SiO;
substrate as shown in the atomic force microscope (AFM) image in Fig. 2.7. A third platinum
electrode discernible in the upper left corner of the image served as a gate.

The published results of I-V measurements performed in a dilution refrigerator with a base
temperature of 5mK are displayed in Fig. 2.8. They show Coulomb blockade in the low-



2.3 Previous Low Temperature Transport Measurements on Carbon Nanotubes

Figure 2.7 AFM tapping mode image of the sample
used for the investigation of low temperature trans-
port of CNTs in Ref. 9. The tube lies across two
15 nm thick platinum electrodes on top of a Si/SiO,
substrate. A third contact discernible in the upper left
corner of the image served as a gate.

c
B
05 1A
a
[
S 4 0 4
£ 0
5 A B C
=
O
05
4 2 0 2 4

Bias voltage (mV)

Figure 2.8 I-V curves measured on the CNT sam-
ple shown in Fig. 2.7 at 5SmK. A, B, and C denote
traces taken with an applied gate voltage of 88.2mV,
104.1 mV and 120.0 mV, respectively. Several more
I-V's are shown in the inset for V5 = 50 — 136 mV.
Original plot found in Ref. 9.

voltage regime which is a signature of the weak coupling of the CNT to the metallic leads
contacting it. This current-suppression feature is described in more detail in Sec. 2.4.
Furthermore, plateaus are visible in the I-V" traces, which is a signature of a quantum dot, i.e. a
spatially confined structure with a level spacing AU that is also larger than the thermal energy,
AU > kT. Transport through such a device is also modeled in Sec. 2.4.

If a complete gate voltage spectrum V is recorded, the effect of the gate voltage on the block-
ade regime manifests itself in Coulomb diamonds visible in the inset of Fig. 2.8. An example of
a measurement of such features on another single CNT sample sketched in Fig. 2.9 is depicted
in the color plot of Fig. 2.10.

10
a) b) L ;i
<
Eo
E s
k -10
-4 -3 2 -1

Us (V)

Figure 2.9 a) Scheme of the low-energy band struc-
ture of a metallic SWNT. The two bands crossing at
the Fermi surface [44] are illustrated. Due to the finite
length of the CNT, the wave vector k is quantized as
indicated by the horizontal lines. é is the energy mis-
match of allowed states in the two bands.

b) Sketch of the sample on which the Coulomb dia-
monds shown in Fig. 2.10 were measured. A metallic
nanotube of L = 180nm and @ = 1.1 nm is contacted
via Cr/Au (5/75 nm) electrodes [10].

Figure 2.10 Color plot of current I vs. bias V" and
gate voltage Vi measured at 300 mK. Color scale from
-40nA (blue) to +40nA (red). A fourfold pattern of
Coulomb diamonds is observable [10].
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It displays a fourfold periodicity which can be attributed to the crossing of two bands at the
Fermi surface of metallic CNTs as illustrated in Fig. 2.9 a) [44]. Even though not always a
fourfold pattern is observed, depending on the experimental conditions [45, 46], the Coulomb
diamonds obtained from low temperature transport measurements on CNTs usually show some
regularity, clear edges and in many cases signatures of excited states.

2.4 Sequential Tunneling Through Nanostructures

Transport through nanostructures, e. g. molecules, CNTs or small metallic islands, often dis-
plays a suppression of the current in the low-bias regime. A prerequisite for the observation of
this Coulomb-blockade feature is a weak coupling of the respective structure to its surroundings
via tunneling barriers with a resistance larger than the quantum resistance Rg = h/e* ~ 26 kQ.
h here denotes Planck’s constant. At the same time the self-capacitance Cy, of the object is re-
quired to be small so that the charging energy Ec = e?/(2Cs) is large compared to the thermal
energy, Ec >> kgT, where kg = 1.38 - 10723 J/K is the Boltzmann constant. The blockade
can be overcome if a sufficiently high bias voltage V' > e/(2Cs) is applied and its extent can
be modified by a gate voltage V. For a better understanding of this phenomenon, the Single
Electron Transistor (SET) in its normal conducting state shall be introduced here. The current
through this device is derived in this section in the framework of the sequential tunneling model
[47, 48]. The SQTM only takes into account independent successive tunneling events, and the
time for tunneling is considered to be negligibly small in comparison to all other time scales.
The canonical version of a SET is a metallic dot coupled via tunneling barriers to two Fermi
reservoirs. Transport through the island can be tuned with a third electrode, the gate. This
configuration is sketched in Fig. 2.11.

“Metallic” in this context means that the electronic density of states of the dot is quasi-
continuous at the Fermi energy, i. e. the level splitting AU is washed out by thermal broadening,
AU < kgT, as illustrated in Fig. 2.12. Under these conditions, the occupation of energy states

Co

tunneling tunneling E
contact 1 contact 2 eV,
V, V, eV,
Fermli C1,94 metallic C,,9, Ferm.i AU < kgT
reservoir 1 dot reservoir 2

| —

Figure 2.11 Scheme of a SET. A metallic island is coupled Figure 2.12 Energy spectrum of a metallic dot,
to two Fermi reservoirs by tunneling barriers with tunneling i.e. with level spacing AU < kgT, coupled to two
strength coefficient g; and capacity C;. Additionally, it is ca- Fermi reservoirs.

pacitively coupled to a gate electrode with capacity Cg.

10
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in both the dot and the electrodes can be described by the Fermi distribution

1
F(E) = , (2.11)
exp[f(E — Ep)] + 1
where f~! = kgT and Ep is the Fermi energy.
The total capacity of the island to the environment is
Cs =C1+ G+ Cg + Cyyray. (2.12)

This sets a typical scale which equals the energy stored in a capacitance Cs charged by one

elementary charge e

&2

An applied bias V' and gate voltage V induce an offset charge eng, ng € R, which is given by

Ec (2.13)

eng = V1 + GV + Cg Vg (2.14)

where V;, i € {1, 2}, is the voltage drop across contact i.

Furthermore, an uncontrolled contribution to the offset charge eng, ny € R, is found in many
experiments with single electron devices. The charging energy for # electrons on the island in
dependence of the offset ng + ng can be written as

Eev(no) = Ec(n— (ng + ng))*. (2.15)

The total energy change AFE;(n) of the entire system if one additional electron is tunneling
through barrier i onto the island already filled with » electrons is then

AE;(n) = 2Ec(n— (np + ng) + 1/2) + eV;. (2.16)

where the last term on the right-hand side is the work provided by the voltage source.
The transition rate I'; ,_,,4+; from state n to n + 1 across the junction i can be derived from
Fermi’s Golden Rule. As the density of states in both lead and dot is described by a Fermi

distribution,
8i AE;(n)

h exp(BAE;(n)) — 1
results with a dimensionless factor g; describing the tunneling conductance of contact i in

multiples of the conductance quantum Gg = e?/h.
The total transition rates I',,_,,,;1 and I',_,,_; are thus

8i AE;(n)

(2.17)

1ﬂl‘,n—>n+1 =

Lisnt1 = - (2.18)
&t hexp(PAE (m) — 1
and N
L= Y & o (2.19)
& h T=exp(—pAEm)
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2 Theoretical and Historical Background

The total current through the island is determined by these tunneling rates and the probabilities
pn to find n electrons on the dot. They can be calculated using a master equation approach,
which describes the time evolution of the p, as

dpy,
=Iais - +
dr n+1-nPn+1 n—n+1Dn (220)

IotsnpPn—1 = Dnen—1pn

In the stationary state dp, /d¢ = 0 and a simple detailed balance relation for p, and p,+1,

1—‘n—m:l:l

Pnxl = DPn (2.21)

1—‘n:!:l—m

solves Eq. 2.20. It can be proven that Eq. 2.21 is not only a sufficient but also a necessary
condition to fulfill Eq. (2.20).
The set of equations (2.21) can be solved with the normalization condition ), p, = 1, and as

n
I, = I, the total current can then be evaluated for either of the two barriers i with

I=-e Z Pn(Cinsn+1 = Linsn-1). (2.22)
n

The plot in Fig. 2.13 shows I-V curves calculated with Eq. (2.22) for different gate voltages at
T = 0. The two tunneling contacts are assumed to have identical capacitance C; = C, = 10Cg
and conductance G| = G, = 2G.

Upon applying a gate voltage Vg the extent of the voltage range over which current is sup-
pressed changes periodically. The Coulomb blockade is largest for Vg = 0 and integer mul-
tiples of Vg = ¢/Cg. It is completely lifted on the other hand for half-integer multiples of

T=0
C1 = C2 = 1OCG
G,=G,=2G
GelC; .
-26/C; - elCs _ §
' elCs  2elCs
’ GelC; | V.=0.25e/(2C,)
- Vs=0.5¢e/(2C,)
V= 0.75 e/(2C,)
Vs =el(2C,)
Vhias = Vo - V4

Figure 2.13 -V curves calculated with Eq. (2.22) for various gate voltages V; at T = 0. Reduction and lifting
of the current suppression with V5 are demonstrated. The two tunneling contacts are assumed to have identical
capacitance C; = C, = 10 Cg and conductance G| = G, = 2G.
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2.4 Sequential Tunneling Through Nanostructures

g 0.001 5

3 o Nl 8

> 0.001 g
0.01

e
—
E

Vs (e/Cg) -1

Figure 2.14 Logarithmic color-coded plot of I vs. bias V' and gate voltage V calculated with Eq. (2.22) for
tunneling contacts with C; = C, = 10 Cg and G| = G, = 2G at T = 0. Coulomb diamonds are visible.

Vi. This periodicity reflects itself in Coulomb diamonds in a plot of I vs. V5 and bias V. An
example with logarithmic color scale is shown in Fig. 2.14.

The theory described above is applicable to small metallic structures. However, it has to be
modified if the level spacing AU is larger than the thermal broadening, AU > kgT. This
relation holds e. g. for molecules and CNTs at low temperatures. On the basis of Refs. 49 and
50 the current through such a quantum dot (QD) in the configuration sketched in Fig. 2.11 can
be calculated in the framework of the same master equation approach as the SET. The only
difference is the discreteness of the energy spectrum, which reflects itself in the transition rates
I'; ,—n+1 between states of the system.

Applying Fermi’s Golden Rule for the transition between a dot level and an individual lead
state, which are coupled by the tunneling Hamiltonian, followed by a summation over the lead
states results in

&i 1
Ciponel = = 2.23
T exp(BAE (n)) + 1 (223
with a factor g; of dimension of energy quantifying the coupling strength.
If we consider the simple case of a quantum dot that can be either in the empty or singly
occupied state, labeled 0 and 1, the total transition rates are

81 1 ) 1
Tooy = 2L +22 2.24
0=l = T exp(BAE (0) + 1 h exp(BAEL(0)) + 1 2.24)

and _ . _ |
o= &L + & (2.25)

hoexp(=BAE (1) +1 ' h exp(—fAE>(1)) + |

The total current through the island is determined by these tunneling rates and the probabilities
pj, j € {0, 1}, to find the dot in the empty or occupied state. They can be calculated using the
above master equation approach, which for only two states simplifies to

d
% =T'120p1 —To=1p0 (2.26)

13



2 Theoretical and Historical Background

and

dp
e Lo—1po —Ti=op1- (2.27)

As po + p1 = 1 and in the steady state dp;/dt = 0,

F1_>0 1—‘0—>1
= ————— and = 2.28
po FO—»I + 1—‘1—>0 n 1—‘O—>l + 1—‘l—>0 ( )
results and the total current can be evaluated with
I =—e(pil'i1=0 — pol'io-1)- (2.29)

I1-V curves numerically derived from this model for a finite temperature 7' = 0.01 E¢c with
and without applied gate voltage are presented in Fig. 2.15. They show an unrealistically steep
onset of current. Experimentally, on the other hand, a temperature-independent broadening of
the current steps is observed below a threshold of the order of 1 K. Thus, the model outlined in
this section does not sufficiently describe transport through a quantum dot at low temperatures.
To overcome this discrepancy, temperatures elevated above the experimental conditions are
usually used for modeling in the literature [S1]. A more accurate theory has to take into account
lifetime broadening of the dot levels, which is not trivial to implement. However, an improved
approach which does just that is presented in Sec. 4.3.3.

3 I T
T=0.01E:
2 H ¢, =C,=10Cq
g1 =9,=510°E¢
g i |
O
3 -e/Cy J } } e/Cs
am | —
-~ -1 V5= 0.25 e/(2Cy) []
V= 0.5 e/(2C,)
-2 V,=0.75 e/(2C,) H
V= el(2Cy)
-3 | |
-3 -2 -1 0 1 2 3

V (Ecle)

Figure 2.15 Current through a quantum dot which can be either in the empty or singly occupied state, O or 1, for
T =001E;,C, =C,=10Csand g, =g, =5 1073 E¢ plotted for several values of V.
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3 Experimental Details

In this chapter the various steps required for the preparation of samples used for electromigra-
tion and macromolecule measurements on the one hand and for CNT experiments on the other
hand are detailed in Sec. 3.1 and Sec. 3.2, respectively. Furthermore, the device setup for the
performed measurements and in particular the dilution refrigerator are also described.

3.1 Preparation of Macromolecule Measurements

The metallic structures used for electromigration and macromolecule measurements are pre-
pared in two main steps. In the first, a standard pattern of leads and bonding pads is pre-
structured by optical lithography. This preliminary work is intended to reduce exposure time
in the next preparation step. The specific design of each sample is later completed by electron
beam lithography (EBL). It allows positioning of the finer sample structures, which measure
only a few microns, within the region defined by the already existing layout.

After fabrication of the metallic structures, nanogaps for the contacting of molecules are gener-
ated by feedback-controlled electromigration. For control over the location where ion displace-
ment sets in, constrictions are pre-structured in the used rings and wires. As a determination
of the exact gap size after the electromigration process is not possible, long molecular rods
were chosen for placing on the prepared electrodes. Originally, deposition by sublimation was
intended, but it had to be substituted by deposition from solution. After drying of the solvent,
I-V curves of the samples were recorded.

This section starts with a description of the modus operandi of optical lithography in Sec. 3.1.1,
followed by an outline of the consecutive steps of electron beam lithography in Sec. 3.1.2. The
procedure of feedback-controlled electromigration is detailed in Sec. 3.1.3. Finally, synthesis
of appropriate molecules and their deposition from solution are discussed in Sec. 3.1.4.

3.1.1 Optical Lithography

At the beginning of this section, special attention shall be paid to the substrates used for sam-
ple preparation. As in the semiconductor industry, oxidized silicon wafers are also standard
in nanostructure research. However, the implications of their chemical and physical properties
for the specific application have to be taken into account thoroughly. In our work on electromi-
gration the influence of the substrate on the success of experiments was confirmed, as detailed
in Sec. 4.1.3.

For this thesis, boron p-doped, (100)-oriented silicon wafers with a resistivity of 1-20 Qcm,
a diameter of 2" and 275 um thickness were bought at CrysTec with either 400 nm thermally
grown or only a few nanometers of native silicon oxide (SiO;). For some experiments an
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3 Experimental Details
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Figure 3.1 a) Layout of the mask for optical lithography on a 2" silicon wafer. b) Single 7 x 8 mm? chip. The
cutout shows one of the four 100 x 100 um? positions reserved for electron beam lithography, a writing field.

RCORRCORRCOERCOS

electrically well insulating layer on the sample surface is crucial because it inhibits current
flow between the metallic structure on top and the doped silicon. In other cases a thin thermal
barrier is more important, because it allows for better dissipation of Joule heat, as discussed in
Sec. 4.1.3.

On each 2" silicon wafer, 16 identical lead configurations are fabricated. Figure 3.1 a) shows
the layout of the chromium mask for optical lithography and Fig. 3.1 b) the geometry of a single
chip of 7 x 8 mm?. It leaves room for the finer structures in four designated 100 x 100 um?
squares, the writing fields for the SEM.

The optical lithography procedure starts by consecutively covering one of the above specified
silicon wafers with 3 metallic layers: 1-2nm titanium as adhesion promoter, 30 nm copper
and finally 20 nm gold on top. A pure copper film corrodes in the following wet chemistry
process and gold alone forms a poorly conducting alloy with aluminum, called purple plague.
As aluminum is a popular superconductor in mesoscopic physics, it is often used in our group
for the inner structure of samples, which makes the Ti/Cu/Au layer sequence necessary.

All three metal layers are deposited by thermal electron beam evaporation in a vacuum cham-
ber, which is sketched in Fig. 3.2. The required material is placed in a small cup formed by
hand from tungsten foil. The chamber offers room for a maximum of three sources at the same
time. A loop wound from tungsten wire with a diameter of 0.2 mm is centered around each cru-
cible at a distance of a few millimeters. To achieve evaporation, this coil is heated by a current
of I'yire = 3.5 — 4.5 A after pumping to a background pressure of about 10~® mbar. Thermally
emitted electrons are accelerated by a voltage U of up to one kilovolt towards the crucible,
where they are collected, leading to a current I between anode and cathode. The source is
heated by the power P = U - I, which is regulated to an appropriate constant, material depen-
dent value throughout the process. The crucibles are surrounded by a massive copper block,
which shields the chamber walls from metal vapor. It is additionally water cooled to avoid out-
gassing of surrounding parts due to excessive heating which degrades the purity of the metal
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3.1 Preparation of Macromolecule Measurements
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Figure 3.2 Sketch of the evaporation chamber.

Vapor.

The sample holder in the vacuum chamber can be rotated around two axes perpendicular to
each other. Thus, metal can be evaporated onto the substrate surface under different angles.
This is necessary for shadow evaporation, which is explained in Sec. 3.1.2.

For determination of the thickness of the deposited layer, a quartz oscillator is mounted in
close vicinity to the sample. An Agilent 53131 A Universal Counter monitors its oscillation
frequency. According to calibration measurements for gold, copper and titanium performed in
the course of a previous diploma project [52], the shift A f due to weight change translates into
layer thicknesses as stated below:

day = Af -0.011 nm/Hz

dcy = Af - 0.024 nm/Hz
dti = Af -0.047 nm/Hz

These rates are valid for the rightmost source, which has the same distance to quartz and
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3 Experimental Details

sample. This is not the case for the central (left) source, therefore the film thickness then has
to be corrected by a factor of 1.1 (1.2).

Following metallization of the silicon wafer, its surface is coated with the negative photo resist
AZ 6632 solved in PGMEA (AZ EBR solvent) with a weight ratio of 5 : 1. Both chemicals
are products of MicroChem. After spinning at 5000 rpm for 90s, the layer thickness is about
1 um. Subsequently, the resist is dried in a furnace at 100 °C for 20 min.

After the bake-out, the substrate has to be aligned under a chromium mask before exposure to
UV light. Therefore its surface is carefully scratched along the wafer diameter with a diamond
cutter for orientation. When the wafer has been positioned accurately in the shadow of the
mask, both are brought into hard contact and exposed for 5s. The uncovered resist can then
be solved by the developer AZ 351 B also provided by MicroChem. 1t is diluted with distilled
water in the volume ratio 1 : 4. The silicon substrate is washed in this mixture until the un-
exposed structures are visible on its surface. Immediately afterwards it is rinsed with distilled
water and finally blow-dried.

Next, the unwanted metal around the structures still protected by resist is removed by ion
etching. The vacuum chamber available for that purpose is first pumped to 2 - 10> mbar before
a controlled argon flow is started, which raises the pressure again to 6-10~* mbar. With the help
of a Commonwealth Scientific IBS Controller, a plasma is ignited. The operation parameters are
set to the following values: 20 mA beam current, 250 V acceleration voltage, 40 V discharge
voltage and 2 mA neutralizer current.

Once all metal around the chip layout is removed, the silicon wafer is cut with a diamond and
broken into 16 chips of 7 x 8 mm?. To conclude their fabrication, the metallic structures still
have to be cleaned from the remaining resist on top. Therefore the samples are first immersed
in acetone for at least 12h. Still, subsequent mechanical treatment is required starting with
a 1 min application of ultrasound and subsequent spraying of the surface with a pipette or
syringe. It is crucial to keep the chip surface covered by solvent during the entire cleaning
process until it is finally spin-dried.

3.1.2 Electron Beam Lithography

When required, the desired sample layout is completed by electron beam lithography on one of
the pre-structured chips. Contrary to the optical lithography, positive resists are used. The most
common ones are mixtures on the basis of polymethylmethacrylate (PMMA) with different
chain length in solution. Typical solvents are anisole, chlorobenzene or ethyllactate, short A,
C and EL. The systematic notation for PMMA resists is PMMA x K Sy, where x specifies
the molecular weight in kg/mol, S the solvent and y the content of solids, i.e. polymers, in
percent. These three parameters determine viscosity and sensitivity of the resist.

For the preparation of samples intended for electromigration and macromolecule measure-
ments, a two-layer resist system is used for electron beam lithography. The bottom one is more
sensitive to electron impact and therefore a larger volume of it is chemically modified during
beam exposure, i.e. an undercut is created, as illustrated in Figs. 3.3 and 3.4. Thus, the upper
resist defines the mask for metal evaporation and the lower supports it at a certain distance
from the substrate surface. The purpose of the undercut is twofold. On the one hand, the metal
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3.1 Preparation of Macromolecule Measurements
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Figure 3.3 Shadow evaporation: First metal deposi-
tion step.

Figure 3.4 Second metal evaporation step under dif-
ferent angle.

structure is not in contact with the resist, as one can see in Figs. 3.3 and 3.4, which makes the
lift-off easier. On the other hand, suspended resist bridges can be generated, where material
can be deposited underneath by shadow evaporation.

This technique, whose two steps are shown in Figs. 3.3 and 3.4, was also employed for some
of our samples. First, metal is deposited from an angle a; with respect to the substrate surface.
When the desired thickness of the first layer is reached, the sample is rotated and the evapo-
ration is finished from a second angle a;. The two resulting metal films do not match exactly,
but are shifted against each other with an overlap tunable by angle and resist thickness.

For all samples prepared in the way described in this section, PMMA 950K A4 or A4.5 was
chosen for the top resist. The resulting thickness varies only marginally. For the bottom layer
PMMA 200K C7 was used. Spin coating parameters and resulting layer thicknesses for all
resists are listed in Tab. 3.1. The PMMA thicknesses specified in the data sheets were checked
with a contact profilometer. Measured values are only accurate to within 50 nm, but match
those given in the literature, which are stated with an error of £10 nm.

After spin coating each resist layer is baked out in a furnace at 150 °C for 45 min. Next, electron
beam writing is performed with a Zeiss LEO 1530 SEM equipped with the lithography package
ELPHY Plus from Raith. In addition to the usual stage positionable in the micron range, a

Table 3.1 Summary of the resists used for electron beam lithography and the respective spin coating parameters.
. Rotation | Rotation layer thickness
Notation Reseller speed time profilometer | data sheet
PMMA 200K C7 Alg; ;’“ 2000Hz | 60s 500 nm 520 nm
MicroChem
PMMA 950K A4 | MicroChem | 4000 Hz 90s 200 nm 200 nm
PMMA 950K A4,5 Allresist 4000 Hz 90s 200 nm 230 nm
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piezo-controlled platform with nanometer precision, the Nanostage, is built into the device.
Already during the design process of the sample layout the proximity effect has to be taken into
account. This term refers to the fact that small structures in close proximity to larger exposed
areas get a higher dose than isolated structures. The spatial distribution of the radiation dose
around a spot exposed to a focused electron beam of finite radius is extended further due to
several scattering effects. Modification of the polymer chains is almost entirely due to sec-
ondary electrons generated along the primary beam path within the resist as their lower energy
results in a larger scattering cross section. Within several nanometers, they come to a full stop
and modify the resist over this range. Further broadening of the exposure profile is caused by
backscattering of primary electrons from the thick substrate. The dose actually deposited in
one spot therefore depends on the exposure of its environment. Thus, an appropriate correc-
tion factor depending on the size, geometric form and position of the exposed region has to be
specified for the different parts of a structure.

As mentioned in Sec. 3.1.1, the leads pre-structured by optical lithography are placed around
four writing fields of 100 x 100 um? for the inner structures. Each of these areas can be scanned
completely with a 20 um aperture at a single magnification in a reasonable time. Adjustment of
the apertures with respect to each other and/or stitching are therefore not necessary and mutual
displacement of writing fields due to inexact alignment and/or beam drift is avoided.

When the layout file has been transferred to the SEM-control PC and the sample placed in the
vacuum chamber of the device, it is pumped to a background pressure below 2 - 10~ mbar.
The acceleration voltage is then run up to usually 30kV and the beam current is measured with
a Faraday cup. Afterwards the layout is aligned with respect to the already existing metallic
structures on three distinct points (three-point adjustment) of the pre-structured lead geometry
itself. This is sufficiently exact to move the beam close to the first writing field. A more exact
positioning is then performed on a selected lead edge. As an overlap in the micron range
between inner structure and leads is incorporated in the layout, separate alignment marks are
not necessary. Before the inner structure is written, a dent is burnt into the resist at a distance of
100 pum to the writing field and used for local focus correction. Finally, the respective geometry
is exposed. The same procedure is repeated for each of the four inner structures.

After electron beam lithography, the exposed resist is developed with a mixture of methyl
isobutyl ketone (MIBK) and isopropanol (IPA) in a volume ratio of 1 : 3. For complete solving,
the sample is washed in the mixture for 45 s, rinsed in isopropanol and subsequently spin-dried.
Subsequently the substrate is metallized in the vacuum chamber mentioned in Sec. 3.1.1. It
is placed in a holder especially designed for 7 x 8 mm? silicon chips. They are held by a
metallic lid which at the same time serves as an evaporation mask. Four circular openings
with a diameter of 1 mm and an elongated hole leave only the inner structures and possible
test patterns in the sample center uncovered, as the photo in Fig. 3.5 shows. Thus metal is
deposited only on small, separated areas, which again makes the lift-off easier.

Before metal evaporation, the sample surface is cleaned by argon sputtering. Particularly dirt
on the exposed parts of the leads fabricated by optical lithography has to be removed for better
electrical contact to the inner structure. The ion gun used to ignite the plasma is sketched in
Fig. 3.6. It is mounted on a rotatable rod in the vicinity of the sample and can be moved to a
position closely below the same. After the chamber has been evacuated to 1076 mbar, an argon
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3.1 Preparation of Macromolecule Measurements

Figure 3.5 Photo of the sample holder for 7 x 8 mm? chips used for evaporation in the vacuum chamber sketched
in Fig. 3.2.

flow is adjusted to establish a pressure between 2.7 — 3.0 - 10~! mbar. By applying a voltage
between the anode of the ion gun which has the form of a thin wire, and the cathode which
lies on chamber potential, a plasma is generated in the surrounding copper cylinder. Power is
regulated to 2 W. Once the plasma burns continuously, the copper cup is brought in front of the
sample. Through an opening in the cylinder lid, the plasma exits in the form of a plume, which
is directed onto the surface for 2 min. Afterwards the ion gun is retracted, the acceleration
voltage switched off and the argon flow stopped.

Once the background pressure is recovered, metallization can be started. The process has
already been described in Sec. 3.1.1. It should however be pointed out that in contrast to optical
lithography, no sticking layer is used for the inner structures because it proved unnecessary.
Hence the material composing the inner structures remains cleaner.

A reliable removal of the metallic squares covering the area enclosed in the center of ring
structures during lift-off proved challenging. Two approaches were found to overcome this
difficulty. The first possibility, which is illustrated in the SEM image of Fig. 3.7, is the appli-

a) cross section b) top view
I - 1N
copper
lid \
copper
cathode cup
anode
teflon / copper opening

grid

insulation
Figure 3.6 Sketch of the ion gun included in the evaporation chamber for cleaning of the sample surface with an

argon plasma. a) Cut through the surrounding copper cup, which serves as the anode. b) Top view of the closed
copper cylinder. Through a grid for acceleration of the gas ions the plasma plume is directed out of the gun.
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200 nm
—

Figure 3.7 Ring deposited by shadow evaporation. Figure 3.8 Tilted ring after successful lift-off.

cation of shadow evaporation. With the help of this technique the two ring arms were each
closed under a suspended resist bridge. These two connections to the material surrounding the
ring lifted the small central patch away from the substrate together with the outside metal once
the underlying resist was dissolved and the inner square had started floating. With this method,
its dropping back and sticking to the surface could be avoided. Note also that the ring arms in
Fig. 3.7 taper towards their center. These constrictions were intended to determine the region
where electromigration starts.

A second method to successfully complete the lift-off process of ring structures is holding the
sample bottom up into a preheated acetone bath whilst applying ultrasound for 20-60s. A
sample prepared in this way can be seen in Fig. 3.8. Furthermore, the sample design was also
changed to improve determination of the spot where electromigration sets in. The square was
rotated by 45° as a consequence of simulations of current density and temperature in such
structures that are presented in Sec. 4.1.3.

After successful preparation, the samples are attached
to glass-fiber-reinforced plastic boards with GE var-
nish. The holders measure 17 x 17 mm?2, but size and
shape are adjusted according to the application. 24
copper contacts are arranged on the top side of each
board around a depression for the substrate. The 24
gold pads on the sample surface can be bonded to these
copper contacts with indium wire, which is pressed
against the metal with the tip of a pencil. For con-
nection to measurement devices, leads are soldered to
Figure 3.9 Sample glued and bonded to a the outer end of the copper pads. The photo in Fig. 3.9
glass fiber reinforced plastic board. shows a sample glued and bonded to a plastic board,
on which solder is already prepared for wiring.
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3.1 Preparation of Macromolecule Measurements

3.1.3 Feedback-Controlled Electromigration

The first realization of an active-feedback loop to control electromigration was described in
Ref. 7. A bias voltage V' is ramped across the sample at a constant rate dV//d¢ = r. Simulta-
neously, the current I and thus the conductance G are monitored. When G has decreased by a
certain threshold percentage t = AG /G, V is quickly swept back by a predetermined AV at a
rate higher than r and the next ramp is started. The process is finished when G has fallen below
one conductance quantum Gy. Neither cooling of the sample nor vacuum were claimed to be
necessary. The technique implemented in the framework of this thesis follows the method pub-
lished in Ref. 53, an advanced version of the this procedure. It is aimed at limiting the power
dissipated in the electromigrating structure.

At the early stage of electromigration, ion displacement starts above a certain temperature
threshold, i. e. as soon as a certain critical power Pc is dissipated in the structure, as pointed
out already in Ref. 7. In Ref. 53, it is confirmed that for G > 20 G( each electromigration
cycle ends on a constant power curve and the feedback control loop is adapted accordingly. It
operates based on voltage biasing and two-point measurement of the rising sample resistance.
As soon as the termination criterion

R = (1 + 6) Rinit (3.1)

is reached, the voltage is instantly reset to

Vinit = VP - Vend * Tend - Rinit (3.2)

instead of gradually reducing it by a fixed value AV. Rjy; is the sample resistance at the
beginning of a voltage ramp, 6 = AR/ Rj,;; specifies the allowed percentage of resistance
change AR and Peng = Veng - Ieng is the power dissipated by the circuit at the end of a cycle.
The new ramp starts at a voltage Vip;; that corresponds to a power dissipation of a fraction p,
0 < p < 1, of the previous maximal value Pe,q [53]. Figure 3.10 illustrates the termination
criterion and the resulting start voltage Vipi; for the subsequent cycle.

The data in Fig. 3.10 is taken from two cycles of the electromigration of a gold wire performed
at room temperature in vacuum. Already in the low-bias regime (red squares) the resistance
shows a distinctly nonlinear behavior. This can be ascribed to Joule heating of the still unmod-
ified metallic wire. In a very basic approach this is expected to cause a quadratic resistance
increase with the applied voltage:

The temperature dependence of a conventional resistor is in linear approximation

R(T) = R(Ty)(1 + aAT) (3.3)
where AT = T — Ty and « is the material-dependent temperature coefficient [54]. To first
order, AT is proportional to the dissipated electrical power P = V - I. For an ohmic resistor

R =V/Iitis thus AT « P  V? and consequently

R(V) = RVo)( + apV?) (3.4)
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Figure 3.10 Illustration of a full voltage cycle and the initiation of the next when the criteria of the feedback
control loop described in Ref. 53 are applied.

with an additional proportionality factor f which depends on details of the experimental setup
such as power dissipation into the substrate. The quadratic fit (red line) in Fig. 3.10 shows
that this simple model describes the data accurately in the low bias regime. The faster resis-
tance increase at the end of the R-V trace however is irreversible and marks the onset of atom
displacement and hence the beginning of electromigration.

For this work, the electromigration protocol from Ref. 53 was adapted and implemented in
a C-program compatible to the existing device-control system. A Keithley 2400 was used
as a voltage source and the current was recorded with the same instrument in a four-point
configuration. Initially, calculation and monitoring of the conductance instead of the resistance
of the samples was chosen. Later this was changed for better comparability to results from
Ref. 53.

In the course of this PhD thesis feedback-controlled electromigration was performed at room
temperature under ambient conditions, in the vacuum of a SEM and at cryogenic temperatures
in helium cans. For the latter purpose, a dip stick was equipped with 24 copper cables united in
twisted pairs connecting a plug at the room temperature end to a fiber glass reinforced plastic
board like the one shown in the photo in Fig. 3.9. For this application, 16 plug connectors where
placed on the back side of the sample holder in holes drilled through the material. Electrical
contact to the copper pads on the front and fixation of the plugs was established by soldering.
By the same means, 16 of the dipstick cables were also connected to the respective cooper
contacts. Figure 3.11 shows the front side of the thus fabricated connector with 16 plugs and
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3.1 Preparation of Macromolecule Measurements

Figure 3.11 Plug at low tempera- Figure 3.12 Back side of the plug Figure 3.13 Board with 16 male
ture end of helium can dipstick. soldered to 16 connectors leading to connectors. Samples are glued into
room temperature in twisted pairs. the notch in its center.

Fig. 3.12 its back side with the attached copper wires leading into the dip stick. The sample was
then glued to a counterpart with male connectors shown in Fig. 3.13. Contacting of individual
samples thus did not require soldering, only simple plugging.

We conducted measurements in liquid helium at 4.2 K as well as in cold “He gas between 5-
10 K slightly above the fluid surface. Statistically relevant statements to which method should
be preferred cannot be made. Working in gaseous atmosphere reliably resulted in small gap
sizes and we therefore used this approach.

At room temperature electromigration on substrates covered only by native oxide instead of
400 nm thermally grown SiO, raised the yield of nanogaps considerably, as is discussed in
more detail in Sec. 4.1.3. The thinner oxide layer however does not only reduce thermal,
but also electrical insulation between the sample structure and the p-doped silicon. For the
intact low-ohmic rings and wires, the parallel substrate resistance is negligible, and at low
temperatures the silicon conductance freezes out. After gap generation at room temperature,
on the other hand, the tunneling current between two closely spaced electrodes or the low
conductance of molecules bridging them cannot be distinguished from transport through the
substrate. During deposition of molecules from solution, the samples could not be cooled in
the cryostat or a helium can. Yet, for immediate detection of particles incorporated in the gaps,
simultaneous resistance monitoring is required, i.e. electromigration has to be performed on
substrates covered by 400 nm silicon oxide. As the success of electromigration at cryogenic
temperatures proved to be independent of the oxidation grade of the used substrate, as can
be seen in the SEM images in Figs. 3.15 and 3.14, nanogaps for molecule deposition from
solution were therefore prepared in cold helium gas. However, the reported observation of
metallic clusters remaining in the gaps has to be kept in mind when using this method.

3.1.4 Synthesis and Deposition of Molecules

For reliable measurements of electronic transport through a known, specific type of molecule,
working in an environment as clean as possible is crucial. The ultimate goal for our exper-
iments would have been electromigration in the dilution refrigerator and subsequent in-situ
molecule deposition by sublimation at low temperatures into the clean gaps. The completed
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Figure 3.14 Gold ring electromigrated on a p-doped sil- Figure 3.15 Gold ring on a p-doped silicon substrate
icon substrate covered with 400 nm thermally grown ox- covered with native SiO, after electromigration in helium
ide in cold helium gas at 8 K. gas at 8 K.

samples would not have been exposed to ambient conditions and possibly polluted by unknown
kinds of molecules before measurements.

Prof. Marcel Mayor and his group at the INT, foremost Dr. Fabien Lemasson, work on the
synthesis of an appropriate compound, which is long enough to bridge gaps of a few nanome-
ters and on the other hand has a reasonably measurable conductance and is sublimable, as
evaporation from solution is of course impossible in this approach. Fluorene oligomers with
perfluorinated alkyl chains as side groups are promising candidates for this application. Their
chemical structure is illustrated in Fig. 3.16.

CeF13 CoF13 CeF13 CoF13

Figure 3.16 Chemical structure of fluorine-substituted fluorene oligomers.

Fluorene is characterized by a conjugated system of z-orbitals, therefore a relatively high con-
ductivity can be expected for oligomers of this aromatic hydrocarbon. Addition of fluorine has
been observed to raise the vapor pressure and to reduce sublimation enthalpy of derivatives of
Ceo [55]. Substitution of hydrogen by fluorine might have the same effect on hydrocarbons.
The molecules are not terminated by thiol groups widely used for bonding to gold electrodes,
but instead by pyridine groups which have already been employed in previous single-molecule
measurements with STM [24, 56] and MCBJs [57]. A better defined contact resistance than for
thiol has been reported and ascribed to the z-conjugation of pyridine [26, 58—60]. Unlike in the
well located sulfur-gold o-bonds, the broader orbital overlap with the metal renders the contact
conductance less sensitive to the exact atom configuration in the electrode at the contact.
Realization of the synthesis of the molecules designed specifically for this work proved a time-
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3.1 Preparation of Macromolecule Measurements

consuming task and could not be finished in a reasonable time. We therefore had to resort to
deposition from solution to test whether our electromigration technique yields feasible gaps in
wires and especially rings for single-molecule measurements. For that purpose stiff molecular
rods with a length of about 6 nm belonging to the oligo(phenylene ethynylene)s (OPEs) were
used. Their chemical structure is shown in Fig. 3.17. Synthesis was performed by the group
of Prof. Marcel Mayor at the University of Basel as described in Ref. 61 after the method
introduced in Ref. 62 and reviewed in Ref. 63.

Figure 3.17 Structure of the rod molecule, an oligo(phenylene ethynylene) (OPE), used for deposition from so-
lution. Its chemical formula is C;sgH;;00,S, and its molecular weight 2205.49 g/mol.

The molecules crystallize in the form of a yellow powder. Appropriate solvents are nonpolar
organic liquids like tetrahydrofuran (THF), toluene or chloroform [64]. The thiol end groups
are protected as thioacetate to inhibit formation of disulfide bonds which would make the
polymer insoluble. Said acetate end group is removed during the formation of the sulfur-gold
bond [64, 65]. After synthesis, the OPE crystals were stored and dissolved in toluene when
required. A concentration of 10'® molecules per liter, which corresponds to 1.7 uM/I, was
estimated to have the density to produce about one monolayer. This was the dilution chosen at
the beginning of all deposition experiments. In the second attempt the density was increased
to 10%° molecules per liter to raise the probability to bridge the nanogap with one or several
OPE:s.

Molecule deposition was tried on in total seven rings successfully electromigrated in a he-
lium can as described in Sec. 3.1.3. The samples were still bonded to a fiber glass board,
which could be reused for in-situ four-probe connection to a Keithley 2400. Cross-check be-
fore molecule deposition showed no detectable conductance of the electromigrated structures
on silicon substrates covered by 400 nm thermally grown oxide.

Deposition experiments were performed at room temperature under ambient pressure in argon
atmosphere under steady gas flow to avoid oxidization of the molecules. Each of the ring
positions on a sample was covered with a 1l droplet of the molecule solution. When the
solvent had evaporated, the resistance of the respective structure was measured. The obtained
results are described in Sec. 4.2.
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3.2 Preparation of Carbon Nanotube Measurements

The preparation of the carbon nanotube samples investigated in the framework of this thesis
entails three main steps, which are explained in this chapter. In the initial electron beam lithog-
raphy, tungsten electrodes are prepared for the subsequent second step, the deposition of CNTs
by ac-dielectrophoresis. After checking the result of tube placement in a SEM, the sample lay-
out of selected structures is completed by the fabrication of gold contacts in another electron
beam lithography step.

To optimize resolution and speed of the exposure process, two apertures are necessary. Special
attention therefore has to be paid to the alignment procedures of the same with respect to the
sample surface. The placing of appropriate marks in the first lithography step is described in
Sec. 3.2.1 and the recovery of the SEM orientation parameters is explained in Sec. 3.2.3.
Section 3.2.2 introduces the technique of ac-dielectrophoresis and also specifies the methods of
growth, dispersion and sorting of the carbon nanotubes investigated in this work. Finally, Sec.
3.2.4 describes the dilution refrigerator and the measurement setup used for low-temperature
transport measurements on CNTs.

3.2.1 First Electron Beam Lithography: Deposition Electrodes

The substrates used for CNT samples consist of intrinsic silicon covered by 800 nm SiO; and
on top 200 nm SizNy to reduce surface charges trapped by OH groups bonded to SiO. In prepa-
ration for electron beam lithography, 7 x 8 mm? chips are cut from the wafers with a diamond
cutter and subsequently spin-coated with one layer of resist. The chosen chemical is again
PMMA 950K A4. It is spread on the sample surface in 60s at 5000 rpm, which results in a
thickness of 200 nm. Afterwards the solvent is evaporated on a hot plate at 180 °C in 5 min.
Following bake-out, the electron beam exposure is performed in the same machine intro-
duced in Sec. 3.1.2 with an acceleration voltage of 30kV. As mentioned before, two aper-
tures are necessary for the exposure of the CNT-deposition pattern. The finer structures are
written in 100 x 100 um? writing fields with a 20 um aperture, whilst a 120 um one covering a
650 x 650 um? area in every stitch is used for larger objects. At the start of the electron beam
lithography process, both apertures are subsequently focused on three points in the edges of
the sample on dents burned into the resist. With the help of these three values, ELPHY pro-
vides automatic focus correction. Subsequently, first the smaller and then the more expanded
structures are exposed successively with the respective aperture.

The details of the layout of the first lithography step are illustrated in Fig. 3.18. An overview
over the entire pattern is given in Fig. 3.18 a). For orientation on the sample surface and
adjustment of the two apertures in the second electron beam lithography, alignment marks
of three sizes are necessary. Six large ones can be seen in the corners and at the edges of
the complete layout in Fig. 3.18 a). Their shape is enlarged in Fig. 3.18 b). Three of them
are actually sufficient for correction of rotation, shift and scaling parameters in the later SEM
working step. The medium-sized crosses of 30 x 30 um? displayed in Fig. 3.18 d) are intended
for local alignment of the 120 um aperture. Finally, the four small marks in each 100 x 100 um?
writing field shown in Fig. 3.18 e) serve for exact positioning of measurement contacts around
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Figure 3.18 Illustration of the layout for the first EBL step. CNT-deposition electrodes placed 500 nm apart as
shown in g) are created from tungsten. They are arranged in sets of four as depicted in f). Two of these sets fit
into a 100 x 100 um? writing field for the 20 um aperture displayed in €). The overview a) shows in total 72 sets
connected to a common drain (dark gray) and capacitively coupled to a counter electrode (light gray). Marks of
three sizes are placed for three-point adjustment (b) and aperture alignment (d, e) in the second lithography.

the deposition electrodes with the 20um aperture.
They are again shaped as sketched in Fig. 3.18 b),
though 10 times smaller.

The actual centerpiece of the layout written in the first
electron beam lithography step are the electrode sets
enlarged in Fig. 3.18 g). For clarity, a finished core
structure incorporating two carbon nanotube conduc-
tion channels (black) in a ring is illustrated in Fig.
3.19. The tungsten electrodes are colored in gray.
They are only necessary for the deposition of CNTs
and not used in the transport measurements. The four
gold contacts that provide for an Aharonov-Bohm-ring
geometry and the two gates are shown in yellow.

Figure 3.19 Sketch of the completed core
structure of CNT samples. Two parallel tubes
(black) deposited with the help of tungsten
electrodes (gray) are incorporated into a ring
closed with gold contacts (yellow). Each
CNT is capacitively coupled to a gate.
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The deposition electrodes, which are 200 nm wide and tapering into tips, are arranged in pairs
spaced 500 nm apart. Always two of these pairs are aligned within a distance of 1 um for close
placement of two parallel CNTs. As can be seen in Fig. 3.18 f), one of the electrodes of each
pair is always connected to a large common bus line marked in dark gray whilst the other one
is left floating. It is capacitively coupled to a counter-electrode bar colored in light gray in the
overview shown in Fig. 3.18 a). The role of these two common contacts in the deposition of
carbon nanotubes by ac-dielectrophoresis is explained in Sec. 3.2.2.

Within every 100 x 100 um? writing field for the 20 um aperture shown in Fig. 3.18 ), two
of the deposition electrode sets from Fig. 3.18 f) are placed. In total 36 of these groups are
assembled on the entire sample and thus 72 positions for possible CNT rings. This high number
statistically improves the success of sample preparation and raises the yield of core structures
completed as sketched in Fig. 3.19 substantially.

After electron beam exposure of the layout, development of the structures is performed in a
mixture of methyl isobutyl ketone (MIBK) and isopropanol (IPA) in a volume ratio of 1:3 for
30s. The substrate is blow-dried with nitrogen and additionally heated on a hot plate at 100 °C
for 5 min to get rid of remaining solvents.

The sample is then ready for transfer into a vacuum chamber for coating with tungsten by argon
sputtering. In a background pressure of 1073 mbar, a plasma is ignited. Once it is stable, the
sample is exposed to the tungsten vapor for 1 min. During this time interval a metal layer of
about 60 nm is deposited.

Next, the substrate is placed in an acetone bath warmed on a hot plate for lift-off. Additional
mechanical treatment by spraying with a pipette or syringe is sometimes necessary. After
blow-drying with nitrogen, the first electron beam lithography step is finished and it is possible
to proceed with CNT deposition by ac-dielectrophoresis, which is explained in the following
section after specification of preparative nanotube treatment.

3.2.2 Tube Deposition by Ac-Dielectrophoresis

The CNTs used for this thesis are grown by the pulsed laser vaporization (PLV) technique
introduced in Ref. 66 according to the procedure specified in Ref. 67 and Ref. 68 !. A graphite
target doped with Ni and Co catalysts is vaporized in a furnace under argon atmosphere with
a pulsed laser. The produced soot is then transported to a paper filter by the gas flow and
collected there.

Apart from bundles of CNTs with 0.7-1.7 nm diameter spread, the raw material also contains
amorphous carbon, fullerenes and metal rests. Therefore it is first ultrasonically dispersed in
dimethylformamid (DMF ), centrifuged and decanted. This cleaning procedure is repeated three
more times. Subsequently, the obtained SWNTs are re-dispersed in D,O with a surfactant and
sonicated for several hours to avoid the formation of bundles [14]. In the progress of this
treatment, the tubes are separated and enveloped by surfactant molecules [69].

Still, CNTs of different length and diameter are mixed in the suspension. Selection by length
is achieved by size-exclusion chromatography, i.e. the filtration in a glass column filled with

! Carbon nanotubes for this work were supplied by the group of Prof. M. Kappes at the INT.
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Sephacryl S-500 gel from Amersham Bioscience. The SWNT suspension is pushed through the
medium by compressed air. The tubes arrive at the lower end of the cylinder with a time-delay
depending on their length. Thus, fractions can be collected as detailed in Ref. 70.

Sorting by diameter is even more important than by length as this parameter is linked to the
chirality and thus the electronic properties of the tubes. For this purpose, density-gradient
centrifugation is applied. This term refers to the settling of CNTs of different diameter at
different depth in a aqueous solution of iodixanol, which forms a density gradient naturally
during centrifugation. The tubes enveloped by surfactant molecules move through the medium
until their density matches that of the surrounding dilution and can be extracted selectively
from the fluid column [71]. By proper choice of the surfactant, selection of tubes by diameter,
band gap and electronic type is possible [72].

For the sample preparation process explained in the remainder of this chapter, a solution of
metallic CNTs with a length distribution of L = 1 £ 0.5 um and diameter d = 1.2 &+ 0.2nm
in D,O with a concentration of about 10° CNTs/ul is used. The specific methods applied for
growth, cleaning, suspension, sorting and enrichment of metallic tubes are detailed in Ref. 14.
In the same text, a description of ac-dielectrophoresis according to the method published in
Ref. 73 and Ref. 13 can also be found. The customary procedure is illustrated in Fig. 3.20.
First, the deposition electrode structure is completely covered with a droplet of CNTs in so-
lution. An alternating voltage of amplitude Vs and frequency f is then applied between the
metallic deposition electrodes and a back gate formed by the conducting substrate. After wait-
ing a time span ¢, the solution is diluted with more D,0O and then gradually substituted with

@
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Figure 3.20 Sketch of the standard setup for CNT
deposition by ac-dielectrophoresis. The metallic elec-
trodes on the sample surface are covered by a droplet
of tubes in solution. An alternating voltage is then ap-
plied between the metal and the back gate formed by
the conducting substrate for several minutes. Image
taken from Ref. 14.

Figure 3.21 Schematic top view of one of the sam-
ples described in the previous section during ac-
dielectrophoresis. For simplicity, only four of the
deposition electrode sets shown in Fig. 3.18 g) are
sketched. The voltage is here applied between the
common bus line connecting all electrode pairs and a
lithographically structured counter-electrode bar sub-
stituting the back gate.
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a pipette by methanol, which is finally blow-dried with nitrogen. The organic solvent is less
likely than water to tear away deposited CNTs from the electrodes again because of its lower
surface tension. However, as it is very volatile, it is not suitable for a permanent dispersion of
CNTs. Thus the solvent exchange is necessary.

As the substrate used for CNT samples is not conducting, back-gating is not possible. There-
fore a metallic bar from tungsten is created lithographically as the layout overview in Fig. 3.18
a) shows. The ac-voltage is then applied between this counter electrode and a common bus line
connecting all CNT electrode pairs for several minutes as sketched in Fig. 3.21. The deposition
parameters are varied around the default values Vips & 1V, f = 50kHz and t = 5 — 10 min
if required. The remaining procedure is the same as detailed before. Even though the ca-
pacitive coupling between the common bus line and the counter electrode is very small, this
method proved to work reliably. However, further investigation into field distribution and the
mechanism attracting CNTs has to be carried out.

After the deposition of carbon nanotubes, the result was checked and documented in the SEM
for each of the 72 possible ring positions. An example image of successful tube placement can
be seen in Fig. 3.22.

To get rid of the charges implanted by electron beam exposure during imaging, the samples are
subsequently annealed in a vacuum furnace. After pumping to a background pressure around
5 x 107 mbar, the temperature is ramped to T = 600 °C in 2 h. Shortly afterwards, the heating
is switched off and the oven left to cool for at least 2 h before removing the substrate. The
sample layout can then be finished in another lithography step, which is the subject of the next
subsection.

100 nm
-

Figure 3.22 Sample after deposition of carbon nanotubes by ac-dielectrophoresis. A single tube or bundle is
bridging each tungsten electrode pair.

3.2.3 Second Electron Beam Lithography: Measurement Contacts

In the final preparation step of CNT samples, gold contacts are structured by electron beam
lithography. The second application of this technique is similar to the procedure described
before in Sec. 3.2.1. The used resist, spin-coating and SEM parameters are identical. How-
ever, additional alignment steps are now required before exposure of the layout illustrated in
Fig. 3.23.

32



3.2 Preparation of Carbon Nanotube Measurements
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Figure 3.23 Tllustration of the second electron beam lithography step. As the overview a) shows, structures
selected during SEM imaging are contacted via gold bonding pads. Their layout depicted in b) is connected to the
measurement contacts and gates (see c)) placed around the tungsten deposition-electrode four-sets as shown in d).

At the beginning, the layout is aligned with the sample structure in the three-point adjustment.
For this purpose the central coordinates of three of the large alignment crosses placed around
the layout as in the overview in Fig. 3.23 a) are determined. Scaling, rotation and shift matrices
can be calculated from these values. At the same time, both apertures are focused on the three
chosen points.

Those of the 72 structures with two single CNTs deposited between parallel electrode pairs as
shown in Fig. 3.22 were selected during SEM imaging and are now completed by placing gold
measurement contacts and gates around the tubes as depicted in Fig. 3.23 d). The horizontal
bars connecting both CNTs are only 50 nm wide and spaced 400 nm apart, thus accurate posi-
tioning is required. Therefore, the 20 um aperture is locally aligned again immediately before
exposure of the respective 100 x 100 um? writing field on the small alignment marks visible
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Figure 3.24 Completed ring structure incorporating two parallel CNT channels. Each side of the sample is
contacted by a current and a voltage probe. Additionally the two independent gates left and right can be seen.

in Fig. 3.23 ¢). Large 100 x 200 um? gold pads for bonding are then connected to the finer
structure as illustrated in Fig. 3.23 b) with the 120 um aperture, which is also readjusted on the
nearest medium alignment crosses.

This time-consuming repeated manual alignment before each exposure step yielded good
lithography results, as can be seen in the SEM image displayed in Fig. 3.24. However, the
sample shown there has not been measured. All samples investigated at low temperatures were
destroyed by electrostatic discharge after removal from the dilution refrigerator and before
imaging.

Following removal from the SEM, the samples are developed and baked out according to the
usual recipe. Afterwards a layer of 50 nm gold is deposited by thermal electron beam evapora-
tion as detailed in Sec. 3.1.1 in the vacuum chamber introduced in Fig. 3.2.

For the lift-off, the sample is placed in N-ethyl-pyrrolidone (NEP) continuously stirred with a
magnet bar on a hot plate switched to 60 °C until the metal layer starts to crease. This takes
1-3 h. The removal of superfluous gold is then assisted mechanically, if necessary, by spraying
with a syringe.

After blow-drying with nitrogen, the resistance of the prepared structures is tested at room
temperature with two Siiss MicroTec needle probes. As selective conditioning of the CNTs by
voltage ramping as described in Ref. 74 is geometrically not possible, only those rings with
a resistance of less than 10 MQ indicating good contact to the CNTs are chosen for bonding.
Before this last treatment, the samples are glued to glass fiber boards as described previously
in Sec. 3.1.2. However, the gold pads are too small for the indium contacting procedure em-
ployed before and are therefore ultrasonically bonded to the board pads with aluminum wire
using a commercial bonder. After this final step, the samples can be inserted into the dilution
refrigerator for low-temperature transport measurements.

In total 8 samples with the final layout described in this section were fabricated. After de-
position of CNTs, 15-25 electrode pairs were usually simultaneously bridged by single tubes
or bundles. After completion of the second electron-beam lithography however, only 3-5 ring
structures showed a reasonably low resistance (below 1 MQ) and no leakage current to the two
gates. Most of these samples were destroyed by electrical discharge during bonding or sol-
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dering to the wiring of the dilution refrigerator. Only one device was finally measured in the
cryostat, which is introduced in the following section along with the device setup used for the
experiments.

3.2.4 Dilution Refrigerator and Electrical Setup

The low-temperature transport measurements on CNTs, which are described and analyzed in
Sec. 4.3, were performed in a Kelvinox MX250 He/*He dilution refrigerator from Oxford
Instruments. At 100mK it has a cooling power of 250 uW. Additionally, it is equipped with a
superconducting magnet system controlled with an IPS 120-10 Superconducting Magnet Power
Supply unit. The maximum central field at 4.2 K is 8 T.

The experimental setup is built into the cryostat in thermal contact to the mixing chamber. A
RuO; thick-film resistor measures the temperature close to the sample position. It is calibrated
down to 50 mK, but by extrapolation its R(T") dependence can be approximated down to about
10 mK. During operation of the dilution refrigerator, the recorded temperature usually falls
below this limit. Hence the base temperature of the cryostat used in the course of this thesis
lies below this value.

In total 21 wires are fed into the cryostat. Six of them are required for four-point readout
of the RuO, resistor and for driving current through a resistive heater placed at the sample
chamber stage to allow temperature-dependent measurements. The remaining 15 cables are
available for the contacting of samples. All leads are collected on a common loom. From room
temperature to the 1 K-pot stage the wires consist of a beryllium-copper alloy. It has a higher
resistivity and thus lower thermal conductivity than pure copper. The following loom section
is made from superconducting NbTi leads, which are used to reduce Joule heating and the total
serial resistance as well as the thermal conductivity. At the mixing chamber level, they are
substituted by copper, which even in the milli-Kelvin range is a normal conductor and provides
thermal coupling of the experiment to the mixing chamber.

Several filter stages are implemented in the cryostat wiring to reduce noise caused by electro-
magnetic radiation. First, [1-filters are installed at the entrance of the leads into the all-metallic
cryostat shield. Second, a RC-filter board adapted for the specific application is prepared for
every measurement and thermally anchored to the mixing chamber. Even closer to the experi-
ment, right at the metallic cylinder surrounding the sample, copper powder filters are integrated
into the wiring. There are described in more detail in Ref. 75.

Following sample preparation, the CNT ring samples are inserted into the dilution refrigerator
and cooled to base temperature. Transport through the device is investigated by applying a bias
voltage with an Agilent 33250A Function Generator across a 1:100 voltage divider. At the same
time a voltage can be applied to each of the two gates with a Keithley 213 Quad Voltage Source
across a 1:10 voltage divider. The current through the device is amplified with the measurement
circuit shown in Fig. 3.25. An OPA 128 operational amplifier from Burr-Brown is implemented
as a transimpedance amplifier with a feedback resistance of Rfeedback = 100 MQ and thus a ratio
of 100 MV/A=1 V/10nA. Its output voltage is recorded with an Agilent 3458A Multimeter.
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Figure 3.25 Measurement circuit for low-temperature transport investigation of CNT rings.




4 Measurements and Discussion

After the introductory part and the description of the various sample preparation methods, this
chapter presents the results of measurements performed on different nanostructures. First, Sec.
4.1 reports on the electromigration of gold thin-film rings and wires. In continuation, Sec. 4.2
discusses I-V curves recorded after the deposition of macromolecules in the gaps generated in
these metallic structures. Finally, the observed low-temperature transport behavior of carbon
nanotubes incorporated in gold rings is shown and interpreted in Sec. 4.3.

4.1 Electromigration

This section details various observations made during electromigration experiments performed
on gold rings and wires. All these metallic structures were treated with the feedback-controlled
method described in Sec. 3.1.3. In the initial Sec. 4.1.1, the progress of the measured resistance
increase during this process is inspected closely. Subsequently, in-situ imaging of electromi-
grating samples in a SEM clarifies the simultaneously occurring structural changes in Sec.
4.1.2. In conclusion, Sec. 4.1.3 deals with the influence of the thermal conductivity of the
substrate on local heating of the metallic nanostructures and the resulting gap size.

4.1.1 Progress of the Electromigration Process

According to the experience gathered in the

course of this PhD thesis, the electromigra-

tion process separates into three character-

istic regimes. They are illustrated in the

following on the basis of one of our early

experiments conducted at room temperature

under ambient conditions with a gold ring

on a p-doped silicon substrate covered by

400 nm oxide. All data plots shown in this

subsection were recorded during feedback-

controlled electromigration of this sample. A Figure 4.1 Final SEM image of the gold ring during
SEM image of the ring taken after electromi- whose electromigration the data shown in this subsection

. A was recorded.

gration is shown in Fig. 4.1.

At the beginning of the electromigration process an increase of the sample conductance as il-
lustrated in Fig. 4.2 is observed, which we ascribe to annealing of defects in the thermally evap-
orated gold structures. It was usually even more pronounced, as can be seen e. g. in Fig. 4.11.
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Figure 4.2 Conductance increase for subsequent cycles due to thermal annealing of the gold structure.
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Figure 4.3 Gradual conductance decrease controlled by the feedback mechanism.

After several voltage ramps the overall conductance starts to fall gradually as shown in Fig.
4.3. G-V traces are characterized by a monotonic decrease during one voltage ramp and a clear
step-like reduction compared to the previous cycle due to the faster G(}) decrease toward the
end of each cycle. This behavior continues down to about 80 Gy. In this regime, the feedback
control is easiest to handle. Fitting a constant power curve to the data as in Fig. 4.4 confirms
that each voltage ramp ends when a critical power is reached.
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Figure 4.4 Fit of a constant power curve to an /-V plot of the data.
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Figure 4.5 Non-monotonic and discontinuous conductance evolution below 80 Gy.

The next electromigration regime is much more difficult to control, but also much more inter-
esting. Below about 80 Gy, the conductance evolution no longer proceeds monotonically. In-
stead, it often shows no clear trend or even increases towards the end of a cycle. Furthermore,
jumps in the traces can be observed more frequently (compare Figs. 4.3 and 4.5). Sometimes
a measurement cycle also starts at a higher conductance than the previous one ended. This is
highlighted in Fig. 4.5, where the red curve is the last trace of the series.
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Figure 4.7 Conductance plateaus and reduced noise at few Gj.
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Below about 20 G, discrete jumps between two conductance values can be made out, as in the
first and fourth curve of Fig. 4.6. These two-level fluctuations or this telegraph noise is a sign
of atomic and thus conduction channel rearrangement [76]. Apart from that, the conductance
is now nearly independent of the applied voltage and evolves with a very small negative or
sometimes positive slope. However, G-V traces do not follow discrete levels, i. e. conductance
does not show obvious quantization.
Conductances of only a few Gy were seldom reached in the electromigration experiments.
More often the structures broke irreversibly in the range of 40-20 Gy. In the case that this
was avoided, the G-V traces exhibited less noise below about 5 Gy and stayed on conductance
plateaus during one voltage ramp. However, these levels were not only found at well defined
multiples of G but at various, irregularly spaced values as illustrated in Fig. 4.7.
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Figure 4.9 Non-vanishing conductance below Gy.

Conductance decrease in quantized steps as in the five subsequent traces in Fig. 4.8 rarely
occurred. This indicates that the transmission of the conductance channels in our samples does
not correspond to unity. Unfortunately, the gathered statistics are not sufficient to determine
the most frequent conductance values.

The electromigration process was usually concluded by a sudden breaking of the structure and
abrupt vanishing of conductance. A few times however, values below G( were observed as
shown in Fig. 4.9. In previous investigations of I-V curves of electromigrated junctions, a
high percentage was reported to show Coulomb blockade or Kondo effect, which is generally
attributed to metal clusters remaining inside the gap [37-40]. In the experiments described
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here, neither the current-voltage dependence nor the temperature dependence were investigated
systematically. Therefore, it cannot be excluded that such metallic islands caused the residual
conductance. However, the available data is not sufficient to identify the mechanism causing
transport.

For electromigration in ultra-high vacuum an unusual decrease of the resistance with applied
bias during voltage ramps has been reported in Ref. 77. The slope of R-V curves was repeat-
edly found to turn from positive to negative values after several electromigration cycles when a
resistance of the order of several 100 Q had been reached. This was also observed a few times
in the course of our electromigration experiments. It mainly occurred during electromigration
in cold helium gas. In view of the reports of metallic clusters remaining in gaps generated by
electromigration, especially if it was performed at cryogenic temperatures, these observations
have to be treated with care and investigated further. An attempt to explain this effect with
tunneling junctions in parallel to the resistive contact can be found in Ref. 77.

4.1.2 In-situ Monitoring by Scanning Electron Microscopy

The electromigration of metallic wires has already been monitored in-situ before by several
groups, by scanning electron microscopy (SEM) [78] as well as by transmission electron mi-
croscopy (TEM) [79, 80]. Also in the course of the PhD work described here, several gold
wires, as well as rings, were electromigrated in an SEM to find out whether the process showed
any obvious differences when performed with our specific setup and samples !. Furthermore
we intended to investigate how void formation develops in the two arms of rings.

In this subsection, selected frames from the electromigration movie of a gold wire with a
representative initial resistance of about 20 Q (see Fig. 4.10) on a p-doped silicon substrate
covered with native oxide are presented. The measurement was performed at room temperature
in a vacuum of 10> mbar. Here, the resistance served as the control parameter for the feedback
loop. Right after each voltage ramp a corresponding SEM image was taken.

In the left panel of Fig. 4.10 the still unmodified, as-prepared wire structure can be seen. The
constriction at its center was designed to mark this spot for electromigration. The right end
of the wire is connected to the positive side of the voltage source, i.e. electrons flow from
left to right. The right panel displays the R-V trace recorded during the first feedback loop
cycle. Due to Joule heating, the resistance does not increase linearly with applied voltage, but
quadratically. However, no irreversible changes occur during this first cycle and the following
measurement curve therefore matches perfectly.

Figure 4.11 illustrates the annealing regime observed at the beginning of the electromigration
procedure. Significant material displacement can already be seen in the SEM picture. Voids
form at the left edge of the wire and hillocks accumulate in the central constriction. However,
the resistance traces still show an overall decrease (similar to the data in Fig. 4.2) and no
increase towards the end of each voltage ramp. Annealing and electromigration take place
simultaneously but the effect of the latter on the resistance is not significant.

! The instrument together with a sample holder electrically wired to the outside were put at our disposal by Prof.
Ralph Krupke and his PhD student Christoph Marquardt.
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Figure 4.10 [Initiation of a controlled electromigration experiment. Left panel: SEM image of a gold wire after
sample preparation. Right panel: Resistance recorded during the first voltage ramp applied to the wire.
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Figure 4.11 Annealing regime of the electromigration process. The SEM picture on the left was taken immedi-
ately after the R-V trace marked in red had ended. Left panel: Material transport has already taken place in the gold
wire. Right panel: Successive voltage ramps applied to the wire on the left. Overall resistance is still decreasing.

In Fig. 4.12, electromigration dominates the changes in the resistance. In this second regime
of smooth electromigration, the traces show a monotonic increase and a clear resistance step
separates consecutive traces. A large gap has already opened up in the wire. The connection
almost seems to be broken, even though the initial resistance of about 20 Q has only about
doubled up to this point.

As the process enters its third regime, which is the most difficult to control, no structural
changes can be made out any more in the SEM; there is no visual difference between the
images in Fig. 4.12 and Fig. 4.13. The jumps in the R-V curves indicate that the configuration
of the remaining contacts bridging the gap becomes increasingly unstable.

A sudden increase of resistance to values beyond the measurement range as in the R(}V') plot
in Fig. 4.14 usually marks rupture of the final connection across the slit that has opened in the
wire. The corresponding SEM image shows, that at their smallest separation the spacing of the
two resulting electrodes is below the resolution of the instrument.

It is a common observation that void formation due to electromigration often happens at the
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Figure 4.12 Electromigration proceeds smoothly. Left panel: Large voids have already opened up in the wire and
it barely seems to be connected any more. Right panel: The measured resistance has only about doubled and is still
increasing continuously.
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Figure 4.13 Third, unstable regime of electromigration. Left panel: No changes in configuration of the wire
can be made out any more. It seems to be broken already. Right panel: The trend of R-V traces is no longer
straightforward but the total resistance has not even increased by an order of magnitude.

edge of a metallic film connected to the lower source potential [33, 79]. This phenomenon
is also observed here. As atom mobility depends on temperature and the wire is heated more
than the leads, ions are transported away from the cathode end of the nanostructure due to the
electron wind but are not replaced there. Consequently, the chance of breakage at the wire edge
is raised compared to the center. Here, this trend could not be overcome by the pre-structured
constriction in the middle of the wire. Apparently, the resistance in that spot was not high
enough.

The movies of electromigrating structures obtained with the SEM helped to understand why
electromigration becomes so difficult to control already around only 150 Q. This corresponds
to previous observations analyzed in Sec. 4.1.1 where the third regime starts below about
80Gy ~ 1/(300Q).
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Figure 4.14 End of the controlled electromigration. Left panel: In its narrowest point, the width of the resulting
gap is below the resolution of the SEM. Right panel: A sudden resistance increase indicates final rupture of contact
in the structure.

4.1.3 Effect of Thermal Coupling to the Substrate

As stated before in Sec. 2.2, the progress of electromigration in a conductor is determined by
two related quantities: its temperature 7" and the density j of the current passing through it.
The metal ions become more mobile at elevated T and can then be pushed more effectively
by impacting electrons. Also, the more electrons, the higher the momentum transfer. Thus,
to accelerate ion displacement, temperature and current density have to be increased. At the
same time, however, melting due to Joule heating has to be avoided. Otherwise control over
the amount and the direction of material transport is impossible.

To attune these two competing objectives and optimize the electromigration process, external
cooling is required. Heat dissipation by the environment is a possible way to achieve this, i. e.
efficient coupling to a good thermal conductor is necessary. Thin films are usually placed on a
supporting substrate, which can fulfill this task.

For the preparation of the first samples electromigrated in the course of this PhD thesis, ther-
mally oxidized silicon wafers with a SiO; thickness of 400 nm were used. They had proved
advantageous for previous work with high ohmic SET structures. The conductance of the p-
doped substrates freezes out at the cryogenic temperatures where experiments are performed.
However, for testing the samples at room temperature, a well insulating layer between the de-
vices and the conducting silicon is necessary. Furthermore, this layer has to be thick enough
to be resistant against scratching, ion etching or even ultrasonic bonding. 400 nm had been
established as sufficient for all these purposes.

Electromigration on these substrates, on the other hand, turned out to be difficult. Even when
low values were chosen for the feedback-loop parameters, i.e. the resistance change ratio 6
and the power ratio p introduced in Sec. 4.1.1, the samples often broke unexpectedly at low
resistance values, without previous indication in the measured data. When the result of such
an experiment was checked afterwards in the SEM, the structure seemed to have been melted
rather than electromigrated. An example is shown in Fig. 4.15.

When we started working with substrates of p-doped silicon covered only by a few nanometers

45



4 Measurements and Discussion

Figure 4.15 Gold wire electromigrated at room temper- Figure 4.16 Sample after room-temperature electromi-
ature on a p-doped silicon substrate covered with 400 nm gration on p-doped silicon only covered by native oxide.
thermally grown SiO,.

of native oxide, the yield of nanogaps rose notably. The resistivity of these wafers is specified
by CrysTec with 1-20Qcm. Since the intact gold wires and rings initially have a resistance
of well below 100 Q, the conductance through the substrate can be assumed to be negligible,
at least at the beginning of the electromigration procedure. Once a higher resistance regime
is entered, the substrate acts as a high ohmic shunt and protects the metallic structure from
discharge damage during the final interruption of contact at the end of the electromigration
process.

The main difference of the natively oxidized to the artificially oxidized material, however, is
the better thermal coupling to the underlying doped silicon. At room temperature, the latter
has a thermal conductivity in the range of ks; = 150 W/(K-m) [81], whereas for silicon oxide
ksio, = 1.1 W/(K-m) [81] is found. Thus heat dissipation is significantly higher for the struc-
tures on native oxide, which helps to prevent excessive temperature rise and melting of the
metallic sample structures. In our electromigration experiments on these substrates we found
that the devices are not as sensitive to voltage changes, do not break as abruptly as before
and generally at lower conductances. Furthermore, we could also visualize the impact of the
improved thermal coupling to a large heat reservoir with the SEM, as the image in Fig. 4.16
demonstrates. The generated nanogap is below the resolution of the instrument, i. e. narrower
than 10 nm.

To confirm these experimental results, as well as to optimize the sample structure and layout,
we tried to reproduce them by numerical simulations. These take into account the contribu-
tion of two heat transport paths to dissipation: along the leads connecting the nanostructure
to the outside world and across the underlying substrate. For the explanation of the succes-
sive calculational steps, a basic sample layout is initially considered here: a straight wire of
rectangular cross section with two identical leads of the same form adjacent on either side, as
illustrated in Fig. 4.17. The geometry is fully described by width, length and layer thickness
of the nanostructure and the connections. Experimentally realistic values are w = 200 nm,
L=1pumandd =30nmand w’ = 2um, L' = 40 um and d' = 30 nm. We furthermore assume
that all components consist of the same material, in our case gold, with a thermal conductivity
of kay = 316 W/(K-m) [81]. Later in this section the developed model is applied to the actual,
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Figure 4.17 Sketch of a basic sample geometry. A wire of width w, length L and thickness d is connected to two
leads with width w', length L’ and thickness d’. All components consist of the same metal with thermal conductivity
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more complex sample structures.

A current I passing through the sample causes Joule heating. The power dissipated in the wire
isP=U-1= RI> = Rg- LI?/w, where Rg = R - w/L is the sheet resistance. From
the dimensions and the measured resistance of several wires we determined Rg ~ 2 Q for our
samples at room temperature.

For appropriate description of the temperature distribution in the complex planar sample ge-
ometries used for electromigration experiments, especially the rings, consideration of one-
dimensional heat transport is not sufficient. We therefore aimed for an extension of the calcu-
lations found in the literature [33] to two dimensions. The model developed for this purpose
describes the temperature rise due to an electric current I in a metallic structure of thickness d,
sheet resistance Rp and thermal conductivity ke On top of a substrate (e. g. Si) described by
ksubs- Both layers are separated by a thermally nearly insulating barrier (e. g. SiO,) of thick-
ness b with thermal conductivity kparrier. For the sake of simplicity, Rp is taken to be constant,
neglecting its temperature dependence.

The heat distribution in the structure obeys the two-dimensional Poisson equation

kmeadV?T +¢ =0 4.1)

where ¢ = (7)>Rp is the heat current density and 7 is the two-dimensional electrical current
density. Equation (4.1) ignores the heat transfer to the substrate. However, the assumption that
the p-doped silicon remains completely “cold” if it is only separated from the metallic structure
by a very thin oxide layer is not justified. Therefore, heat transport in the silicon substrate has
to be included. If we assume a temperature T at the surface of the substrate, i.e. directly
beneath the barrier, this leads to a modified Poisson equation

k .
et dV2T + § — babmer (T-T) =0 (4.2)

This equation can be solved numerically on a square sampling grid with cells of size h*>. The
Laplace operator of a scalar field u(x, y) is approximated by the finite difference

V2u — 1/h*u(x — h, ) + u(x + h, y) + u(x, y — h) + u(x, y + h) — 4u(x, y)). (4.3)
Changing from spatial coordinates to an indexed notation (x, y) — (i, j) gives

D2y

V2u — 1/RuGi =1, ) +uli + 1, k) +uli, j— 1) +uli, j+ 1) — 4u(i, )] = 7

(4.4)
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In analogy to the convenient shorthand notation D? for the discretized Laplace operator ex-
pressed in the brackets, an abbreviation D can be used for the discretized gradient of a scalar

field u(x, y)
Du 1 fui+1,j)—ul-1,))
v b — . .
YT 2h<u(i,j+1)—u(i,j—1) )

These definitions allow to write Eq. (4.2) in the dimensionless form

2 R ?
D+ (o) pomt—1)=0 (4.6)

where
-k

d
t=1(i,j) = R—mle;alT(ih, Jh 4.7)
|

labels the discrete temperature distribution and the parameter m

2
h kbarrier

= “bamer (4.8)
b-d- kmetal

m
is introduced.
The numerical power density p derives from the normalized potential drop V" across the struc-

ture by
p=(DV)~. (4.9)

where V' obeys the Laplace equation
VIV - D’V =0 (4.10)

with the boundary conditions Viere = 1 and Vjjgne = O on the left and right cross sections of the
metallic structure, respectively. On all other boundaries we assume von-Neumann boundary
conditions, i.e. VV - 1 = 0, where 7 is the surface normal.

Equation (4.10) can be solved by numerical relaxation. The resulting potential map for the
simple wire geometry introduced in Fig. 4.17 is shown in the color coded plot of Fig. 4.18.

1um
p—

Figure 4.18 Normalized electrical potential V' for an electromigrating wire found by numerical relaxation. The
contour lines are spaced AV = 0.1 - Rg[ apart and the potential drop across the wire itself corresponds to 5.5 - Rp 1.
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Figure 4.19 Power density map for an electromigrating wire derived from the potential V' in Fig. 4.18 in units of
pmax/I2 =212 pW/(mAzpmz)

After computation of the potential distribution, the current density 7 can be derived by

.U
7=DVR—Dh. 4.11)

with U = Upax — Unin, the voltage applied to the structure. The total current [ is then

e U . . . .
I= J 7dii ~ RO Z[V(l +1.)=V(@i-1,)lh (4.12)
cross J
section
If the notation
I —lZ[V('H = V(i-1j)] (4.13)
num — ) < 1 ,J 1 i .

is introduced, it relates
U’Inum _ R'I'Inum

Rp Rp

I= (4.14)

i.e. we have Iyym = Ro/R.
The result of this numerical step is illustrated again with the help of a straight wire in Fig. 4.19.
Clearly, the current density rises highest in the nanostructure itself.
If we proceed by , ,
§=(*Ro — BV — = By~
Roh hz[num

(4.15)

and multiply Eq. (4.2) by A*I2,,,/ RoI?, we arrive at the expression in Eq. (4.6), which relates
the temperature of the metallic structure and the substrate.

We assume that the wafer is heated from the top by a heat flow and stays at ambient temperature
on its far side. The situation can be described by the three-dimensional Laplace equation

V2T, =0 (4.16)
in conjunction with the von-Neumann boundary condition of heat flow at the substrate surface,

VT -1 = (kbarrier/b)(T -Ty). 4.17)
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As the two Eqs. (4.2) and (4.16) for heat transport in the metallic structure and the substrate
both include T and Ty, their solutions are mutually dependent. A simultaneous, self-consistent
solution of their numerical equivalents ¢ and f; by alternating iterative relaxation is required.
For this purpose, a starting distribution for the temperature of the metallic structure is first
calculated by numerical relaxation of Eq. (4.6), assuming an unelevated substrate temperature
ts and making use of the previously determined power-density map. The point spread function
describing the heat distribution around a single point source on the surface of a half space is
once computed by a DFFT (discrete fast Fourier transform) method.

Subsequently, the resulting heat flow m(z —t;) is convoluted with this precomputed point spread
function. This yields updated values for the substrate temperature ¢,, which are then used again
for another relaxation step of Eq. (4.6). The procedure converges on an ordinary PC work
station for grid sizes of 3000 x 1000 pixel in less than an hour. The obtained values can be
compared to the experimental parameters via

2

Ral
d- kmetal

T(ih, jh) = - t(i, j). (4.18)
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Figure 4.20 Excess temperature distribution in the substrate directly beneath an electromigrating gold wire with
d = 30nm. The metallic structure is separated from the Si substrate by only a thin SiO, layer of 1 nm. The
temperature is plotted in units of RgI?/(d - kmew) = 67 - I? mK/(mA)? for the parameters mentioned in the text.

Figure 4.21 Excess temperature map for an electromigrating wire in good thermal contact to a heat reservoir in
units of RgI?/(d - kmew) = 0.11 - I K/(mA)?. The metallic structure is separated from the substrate by only a thin
SiO; layer of 1 nm.
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Figure 4.22 Excess temperature map of the substrate directly beneath an electromigrating wire in units of
RoI?/(d - kpewr) = 11 - I mK/(mA)2. A 400 nm thick SiO, layer covers the silicon wafer.
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Figure 4.23 Excess temperature map for an electromigrating wire thermally weakly coupled to a heat reservoir
in units of RgI?/(d - kmew) = 1.7 - I K/(mA)?. A 400 nm thick SiO, layer inhibits heat loss to the substrate.

Figure 4.21 shows the numerically obtained temperature map for a 30 nm thick gold wire on
a silicon substrate. Heat flow between the two layers is only inhibited by a thin native oxide
layer of b = 1nm in this case. Clearly, heating is mainly restricted to the nanowire. The
leads and also the substrate, whose temperature is plotted in Fig. 4.20, are only warmed up in
a small region around it. For comparison, the heating of a metallic wire of identical shape on a
substantially thicker thermally generated oxide layer of b = 400 nm is illustrated in Fig. 4.22.
It extends over a much larger area.

We now apply the two-dimensional heat transport description developed above to the wire ge-
ometry we most commonly used. It is illustrated in Fig. 4.24. The nanostructure is constricted
at its center and contacted via four leads. The potential computed for this layout by numerical
relaxation is color-coded into the same image. It serves as a starting point for the calculations.
Figure 4.25 shows the power density derived from this potential according to Eq. (4.11). Fi-
nally, the temperature distribution mapped in Fig. 4.26 represents the situation on native oxide,
whilst in Fig. 4.27 the more extensive heating of the structure on 400 nm oxide again manifests
itself.

For a comparison not only of the extent of the heated area but also of the values and slopes
of the temperature distribution, cuts along the central wire axis are plotted in Fig. 4.28 for
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Figure 4.24 Potential calculated for the layout of a constricted wire in a four probe configuration. The distance
of the contour lines corresponds to AV = 0.1 -Rp/ and the potential drop across the thin central wire is 5.5 -Rp 1.

Figure 4.26 Temperature map of a constricted wire in units of 0.11 - I K/(mA)?. The gold structure is only
separated from the p-doped silicon substrate by a native SiO,-barrier of thickness b = 1 nm.
1—

0.01—

Figure 4.27 Temperature map of a constricted wire in units of 1.5 - I> K/(mA)?2. The gold structure is separated

from the p-doped silicon substrate by a thermally insulating SiO,-barrier with b = 400 nm.
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Figure 4.28 Comparison of the temperature rise along the central axis of the layout shown in Fig. 4.24 parallel
to the wire for different SiO, barrier thicknesses b calculated with the approach described in the text. The extent of
the wire itself is marked in blue.
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Figure 4.29 Illustration of the cooling effect of the two voltage probes for wires with the shape shown in Fig.
4.17 on 500 nm and 5 um SiO,. The temperature reduction is more pronounced for the thicker insulating layer.

different b. The respective calculations conducted for barrier thicknesses from 1 nm to 5000 nm
in a 1-2-5 series confirm that from the thermal point of view a thin oxide layer is preferable for
electromigration experiments.

Furthermore, calculations performed with the two-dimensional model also demonstrate the
cooling effect of the two additional voltage probes. They cause a significant reduction in tem-
perature at the contact positions as illustrated in Fig. 4.29. Note, however, that the efficiency
of this cooling effect depends on available space for connecting wide leads. This space is more
efficiently used in the current path, where it would reduce the power density quadratically in
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the lateral dimensions.

At the conclusion of this section, the developed heat transport model shall finally be applied
for its original aim: to determine the points in a ring structure that carry the highest current and
are heated most by Joule heating. The ring structure we initially prepared for electromigration
is sketched in Fig. 4.30. As this plot shows, the current density is elevated not only in the
center of the ring arms, but also at the T-junctions of the square ring and the leads. This makes
them a possible starting point for electromigration, which competes with the prestructured
constrictions. To avoid the excess current density at the edges to the leads, we shaped the
transition region more smoothly by tilting the square ring as Fig. 4.31 shows. If we look
at the lead-ring junction again, the current density is not raised there any more, only at the
constrictions centered in the ring arms. The temperature profile of both ring shapes, on the
other hand, appears very similar, as illustrated by the comparison of the numerical results
plotted in Fig. 4.32 and Fig. 4.33.

Figure 4.30 Power density in the square ring struc- Figure 4.31 Power density of a tilted square cal-
ture initially used for electromigration derived with culated in a two-dimensional approach in units of
a two-dimensional model in units of ppa/I> = pma/I> = 1414 yW/(mA?um?). The ring-lead junctions
442 uW/(mA2um?). are smoothed to avoid current density rise in these spots.

Figure 4.32 Temperature distribution in a square ring Figure 4.33 Temperature distribution in a tilted ring
structure on top of a thermally insulating barrier of structure on top of a thermally insulating barrier of
t =400 nm SiO, in units of 5.2 - I*> K/(mA)?2. t =400 nm SiO, in units of 8.6 - I> K/(mA)?2.
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In summary, according to the simulations described here, the tilted ring layout leads to an
increase of both the decisive quantities for onset of electromigration, namely current density
and temperature, in the upper and lower ring edge. No other spots are likely starting points
for electromigration because of an excessive current density rise and indeed a shift of slits
generated by electromigration away from the ring-lead junction towards the center of the ring
arms was observed. However, gaps still did not reliably form at the edges pre-structured for that
purpose. It seems that other high-resistive spots like grain boundaries and further defects still
prevailed in the electromigration experiments and displaced the nanogaps. Thus, the design
can still be fine-tuned concerning the ratio of arm width and constriction in future experiments
to optimize the location of generated junctions.

4.2 Transport through Macromolecules

During application of the molecule-toluene solution as described in Sec. 3.1.4, the respective
ring structure was connected in a four probe configuration to a Keithley 2400 source and mea-
sure unit. Cross-check before molecule deposition showed no detectable conductance of the
electromigrated structures on silicon substrates covered by 400 nm thermally grown oxide.
After each ring position had in turn been wet with solution and the solvent had dried, a voltage
was ramped across the respective structure and the current was measured. This was tried on
in total seven successfully electromigrated rings. In one case a non-vanishing resistance could
be recorded after a second deposition attempt with a molecule concentration of 10% per liter.
Two consecutively measured -V traces are plotted in Fig. 4.34. The blue curve was obtained
during an upward bias ramp from —3 to +3V, the red one in the following downward sweep.
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Figure 4.34 I-V curves of an electromigrated gold ring measured at room temperature after deposition of OPEs
from solution. The trace obtained during an upward (downward) voltage ramp is marked in blue (red).
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Figure 4.35 Averages over all I-V curves obtained for an applied bias of £3 V.

All measurements presented here were conducted at room temperature on a single device.
Unfortunately, the sample substrate broke when it was removed from the glass fiber board
for transfer to the dilution refrigerator. Therefore no temperature dependent data is available.
Furthermore, the gate influence has not been investigated either. This complicates the identi-
fication of the transport mechanism responsible for the observed I-V curves. Nevertheless, a
discussion of the measurements within these limits is given in the following.
Initially, discrete jumps between different conductance states occurred repeatedly, especially
in the negative bias regime. One example can be seen in Fig. 4.34 (red curve). After several
voltage ramps however, the I-V curves gradually smoothed and settled on a trace of lower
conductance. The average over all these traces is displayed in Fig. 4.35.
In the low voltage regime, the current increases linearly with a very small slope. This can be
formulated as [82]

I =GV (4.19)

where Geq is called the equilibrium conductance. From fitting to the averaged data in a range
of £0.1V, a value of G¢q = 24 pS was extracted.

Both G¢q and the overall conductance of the junction are lower compared to values reported
elsewhere for similar OPE derivatives [14, 83], though no data is available for the specific
compound used here. Together with the fluctuations observed in the I-V dependence, this
indicates that possibly at least one of the molecule-gold bonds was not fully formed.

For higher voltages, conductance rises clearly nonlinearly and asymmetrically. Possible
transport mechanisms include thermionic emission, hopping conduction, direct tunneling and

56



4.2 Transport through Macromolecules

Fowler-Nordheim tunneling. As the first two are thermally activated processes, making state-
ments about their contribution to transport in the measurements shown here is difficult. On the
other hand, neither of the tunneling processes shows any changes with temperature. Further-
more, during both direct and Fowler-Nordheim tunneling, the phase memory of the transported
charge carriers is preserved [51], which is an important prerequisite for a possible occurrence
of interference.

The tunneling regimes can be summed up in the framework of the Simmons model [84-86].
It describes the tunnel effect between metallic electrodes separated by a thin insulating film
of (effective) width s constituting a potential barrier ¢(x) of arbitrary shape with the mean
height @. Due to its simplicity, it is the most widely-used theory for the extraction of physical
parameters from presumably single-molecule data [51, 87-89]. However, results for molecule
parameters obtained from fitting this model are seldom robust [82]. Furthermore, it is diffi-
cult to reproduce asymmetric shape of I-V curves with this approach. It is thus not sufficient
for neither a quantitative evaluation nor qualitative interpretation of the experimental data pre-
sented here.

Yet, asymmetry of transport through a metal-molecule-metal junction can be interpreted qual-
itatively following the approach described in Sec. 2.4 for the modeling of current through a
quantum dot. Again only two states of the system are considered, namely empty and filled
molecular level, 0 and 1. However, no gate electrode is taken into account here, i.e. Vg =
Cg = 0. Coupling to the electrodes is described by the capacities C; and C, together with the
tunneling coupling coefficients g; and g; as illustrated in Fig. 4.36. Only thermal broadening of
the density of energy states in the leads is taken into account, which at the elevated temperature
T ~ 300K and for only moderate applied bias V is sufficient.

The molecule possesses a self-capacitance Cs, which is dominated by the two junction capac-
ities C and C; for the case considered here, Cs = C + C; + Cyyay. Thus the offset charge eng
induced on the island by an applied voltage V' is given by

enyg = C1 V1 + GV, (4.20)

where V;, i € {1, 2}, is the voltage drop across contact i. Otherwise the theory detailed in Sec.

§1,C1 62!02

left
electrode electrode

—_—F,—

molecule

Figure 4.36 Molecule with a single energy level coupled to two metallic electrodes via tunneling barriers de-
scribed by the tunneling coupling constants g, and g, and the capacities C; and C;.
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Figure 4.37 Numerically calculated -V response of a quantum dot coupled to metallic electrodes via tunneling
barriers with the tunneling coupling constants §; = 1 - 10 Ec and g, = 5 - 107*E¢ and the capacitance ratio
C:C=4:3aT=1/15- Ec.

2.4 can be applied identically and the current through the device can be calculated according
to Eq. (2.29).

Figure 4.37 shows an I-V curve calculated with this simple numerical model of a quantum dot
connected to two Fermi reservoirs. It can reproduce the asymmetric Coulomb blockade and
the asymmetric current slope. Both features are caused by an unequal ratio of the capacitances
C) and C,. For the current suppression to be observable at a given temperature, the charging
energy has to exceed the thermal energy, E., > kgT. At room temperature, T ~ 310 K, where
the experiments where performed, a total capacitance of the molecule Cy of less than the
order of 1 aF, i. e. weak capacitive coupling to the two electrodes and low self-capacitance, are
required to fulfill this condition. For the plot in Fig. 4.37, a capacitance ratioof C; : C; =4 : 3
was chosen.

The energy offset of the molecular LUMO with respect to the Fermi energy can be shifted with
a gate electrode, which was unfortunately not implemented. As the offset is not known in the
experiment, the gate voltage and capacitance were set to zero, Vg = Cg = 0. The complete
simulation parameters can be found in the inset of Fig. 4.37.

Even if the asymmetry of the measured I-V curve can be explained within the framework of the
simple model described here, the exact current slope can, however, not be matched. Overall, it
appears to be steeper than in the graph in Fig. 4.35. On the one hand this can be attributed to the
current fluctuations observed in the experiment which also lead to deviations in the averaged
data. On the other hand the slope mismatch reflects the deficiencies of the SQTM. Cotunneling
and intrinsic level broadening are not considered. The latter issue is studied in more detail in
Sec. 4.3.3.

In summary, it can neither be confirmed nor excluded with certainty that the experimentally
observed conductance is the response of an OPE deposited in the electromigrated gap. The
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4.3 Low Temperature Transport Measurements on Carbon Nanotubes

shape of the measured I-V curves qualitatively corresponds to common molecule transport
signatures which are usually evaluated with a simplification of the Simmons model. However,
it was unfortunately not possible to extract quantitative results for comparison with previously
reported experimental results due to a lack of knowledge about the junction parameters. Fur-
thermore, the asymmetry of the recorded I-V traces is unexpected as the molecule in itself is
symmetric. A dissimilar junction capacitance is a possible explanation as illustrated with the
calculation presented in the last part of this section. Possibly one gold-molecule bond was not
fully formed, as is also indicated by the pronounced current fluctuations in the negative bias
regime. Last, the gradual change in conductance over time might be due to conformational
changes of the conjugated OPE system triggered by voltage application, or it might be caused
by a changing number of molecules contributing to transport. For a conclusive interpretation
and evaluation of the I-V curves presented here, further experimental data is required.

4.3 Low Temperature Transport Measurements on Carbon
Nanotubes

This section treats the investigation of low-temperature transport through a gold ring incorpo-
rating two carbon nanotube channels. The structure layout was already shown in Fig. 3.19. All
measurements described in the following were performed below 10 mK on a single sample.
The used dilution refrigerator as well as the device setup and circuitry are described in Sec.
3.2.4. In the first Sec. 4.3.1 here, the effect of a voltage applied to a single gate on the sample
conductance whilst the second gate is kept grounded is visualized and noteworthy features of
the results are pointed out. In Sec. 4.3.2 then, I-V curves recorded while both gates were
addressed at the same time are presented and described. A detailed analysis and discussion of
the observed transport characteristics based on numerical simulations explained in Sec. 4.3.3
are given in Sec. 4.3.4.

4.3.1 Coulomb Diamond Measurements

The first experiments described here were aimed at the verification of the functionality of both
gates. For that purpose, I-V curves of the sample were measured by ramping a bias across the
CNT ring whilst at the same time the offset voltage applied to one of the gates was stepped from
Vmin to Vmax in intervals of AV'. The other gate remained grounded. The resulting I-V traces
are presented in color plots in Fig. 4.38 for the first gate with Vi min = =1V, Vg1 max = 1V and
AV, = 6mV, and for the other gate in Fig. 4.39 with Vg in = —500mV, Vg nax = 500mV
and AVyp = 4mV.

In accordance with the theory for transport through quantum dots explained in Sec. 2.4,
Coulomb diamonds can be observed in both plots. However, their appearance differs from
the numerically calculated blockade pattern displayed in Fig. 2.14, as well as from the ob-
served low-temperature-conductance behavior of CNTs shown in Fig. 2.10, in quite a few
unexpected points. The first difference is that the onset of conductance is not sharp. Further-
more, size, shape and sequence of the diamonds are not regular. No traces of excited states are
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Figure 4.38 Coulomb diamonds measured by recording I-V" traces and stepping the offset voltage applied to one
gate from Vgimin = =1V 10 Vg max = 1V in AV, = 6mV intervals while the other gate was grounded. The axes
show the bias and gate voltage, respectively. The measured current is color-coded according to the logarithmic
scale on the right.
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Figure 4.39 Coulomb diamonds measured and plotted identically to Fig. 4.38 but with interchanged gates. The
applied voltage is stepped from Vg min = —=500mV t0 Vg max = 500mV in AV, = 4mV intervals.
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4.3 Low Temperature Transport Measurements on Carbon Nanotubes

detectable either and in certain continuous voltage intervals, e. g. between Vg ~ 110 -220mV
in Fig. 4.39, Coulomb blockade appears to be suppressed. Before analyzing this data in detail,
however, further results obtained by simultaneously addressing both gates are presented.

4.3.2 Simultaneous Gating Measurements

The setup for simultaneous gating measurements was the same as the one used in the preceding
experiments. However, instead of grounding one gate whilst addressing only the second, now
the voltages applied to both were stepped. Throughout the entire measurement, the bias voltage
was kept at a low value V' = 75V in the linear response regime. A current value was then
recorded for every parameter pair Vy and V. The result of this measurement is presented in
Fig. 4.40 and analyzed in the following.

line set 1 1 line set 2
/ P
0.6
~ 1
.
0.1
02 0.01 &;
< 7 0 | ]
> 1103 =
-0.2
110
7 0.4
| 0
/ -0.6
P <08
7 1

-1 -075 -05 -025 0 025 05 075 1
Vg1(V)

Figure 4.40 Current recorded for a fixed bias voltage V' = 75uV and simultaneously stepped gate voltages Vy
and V. It is plotted with a logarithmic color scale shown on the right.

Figure 4.41 illustrates the capacitive coupling between two CNTs A and B and two side gates
g1 and g2. The measurement contacts are not included in the sketch. For a symmetric sample
geometry with equal capacity of each gate with respect to the nearest CNT, Cag1 = Cpg2, and
no coupling to the opposite CNT, Cago = Cgg = 0, a square pattern of conductance peak lines
as illustrated schematically in Fig. 4.42 is expected. The pattern in Fig. 4.40 does indeed show
two sets of approximately parallel lines which can be attributed to two different CNT transport
channels. They are marked by arrows. However, these sets are both inclined with respect to the
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4 Measurements and Discussion

Figure 4.41 Illustration of the capacitive coupling Figure 4.42 Expected conductance peak traces for
between two CNTs and two side gates. The ring cir- symmetric capacitive coupling of each gate to the re-
cuitry is not shown. spective nearest CNT, Cy,1 = Cgy, and no coupling

to the opposite transport channel, Cyg = Cpg1 = 0.

gate axes. This proves that both gates indeed have an effect on the conductance of the device,
but are each capacitively coupled to both tubes, Cag> # 0 and Cggy # 0.

Furthermore, the two line sets are sloped in the same direction, which suggests weaker capac-
itive coupling Cag1 and Cgg of the first gate to both its near as well as its far tube compared
to the coupling Cag and Cgy) of the other gate to the two CNTSs, i.e. Cpgr > Cagr > Cag1 >
Cag2. This might result from an asymmetric placement of the gate electrodes with respect to
the transport channels. One gate is probably located considerably farther away from the CNT
ring than the other gate.

Other features of the simultaneous gating measurement are not so easy to explain. First of all,
one line set is observed much more frequently than the other, i.e. the two sets have different
line spacing. Furthermore the individual lines of the more prominent group are separated by
irregular distances. They appear as single lines as well as clustered in pairs and triples. Even
the lines of a triple do not show equal spacing over the entire V-V range and are also not
exactly parallel, as indicated by the dashed lines in Fig. 4.43 which presents a section of the
pattern shown in Fig. 4.40. On top of that the conductance can vary between different as well
as along one trace as pointed out by the circles in the same image. Finally, Fig. 4.44 shows a
crossing point of two lines belonging to different sets. Fluctuations and extensive conductance
rise wash out the same, but clearly the line in more horizontal direction really consists of two
parallels separated by an offset. One of these two lines vanishes on either side of the crossing
point, as highlighted by the arrows.

It was also attempted to track one of the crossing points of two conductance lines attributed
to the two different CNT channels. At these intersections, the Coulomb blockade of both
quantum dots is lifted and both contribute simultaneously to the total transport through of the
system. Only then it does effectively form a ring, and only then Aharonov-Bohm oscillations
in the magnetoresistance of the device might be expected if electrons additionally retain their
phase memory during passage through the CNTs. However, due to fluctuating background
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Figure 4.43 Cutout from the plot in Fig. 4.40 with
identical scale and color-coding of the current. The
conductance traces marked by the dashed lines are not
spaced equidistantly and are not exactly parallel. The
white circles point out intensity variations within and
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Figure 4.44 Cutout from the plot in Fig. 4.40 with
identical scale and color-coding of the current. A
crossing point of two lines belonging to different sets
(white circle) and the two offset parallels vanishing on
either side (black arrows) are marked.

between lines.

charges and gate drift, maintaining a well-defined transport state of the sample could not be
achieved for a sufficiently long time to ramp a considerable field interval. Therefore, periodic
magnetoresistance oscillations could not be observed so far. Further measurements for the in-
vestigation of coherence in transport through CNTs need to be carried out on similar samples.
For reasons that become clear in the course of Sec. 4.3.4, an observation of Aharonov-Bohm
signatures would furthermore have been hindered by the specific assembly of the sample pre-
sented here. Nevertheless the data collected up to now supplies material for a detailed analysis
which is presented in the following.

4.3.3 Transport Simulations

The observation of double and triple lines in the more prominent set 1 of the simultaneous
gating measurements presented in the previous chapter in Fig. 4.40 lead to the assumption that
one of the CNT arms might consist not only of a single, but of a bundle with at least two closely
spaced tubes as illustrated in Fig. 4.45.

Thus, a model was developed
for the investigation of transport
through several CNTs connected
via tunneling barriers to two Fermi
reservoirs, capacitively coupled to
two gates and additionally among
each other. Its evaluation showed
that the features observed in the
measurements can be reproduced if

three quantum dots are considered.
The equivalent circuit of such a de- Figure 4.45 Sketch of a CNT sample with three closely spaced
vice is sketched in Fig. 4.46 tubes instead of a single one forming one of the ring boundaries.
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V1a V2a V1b V2b V1c VZc
C1a7g'1a C1cag'1c CZC’g'20

Figure 4.46 Circuit of three quantum dots connected via tunneling barriers to the two same Fermi reservoirs 1
and 2. All three are capacitively coupled to two gates g1 and g2, and additionally also among each other.

In principle, the current through this setup can be calculated following the same master equa-
tion approach as applied to the SET and QD in Sec. 2.4. However, a state # of the system is
now no longer described by the number of electrons on one island. A matrix formulation of
the respective equations is therefore required to describe the mutual dependence of every dot
on all others. This is also detailed in the appendix of Ref. 75.

For simplicity, we first consider only three capacitively coupled dots with one energy level each
that can either be singly occupied or empty. Furthermore, transport shall again be determined
by sequential tunneling. Thus, eight states of the device and a limited number of allowed
transitions listed in Tab. 4.1 have to be considered.

Table 4.1 Overview over the states 7 of the system sketched in Fig. 4.46 if each dot j has a single energy level
that can either be singly occupied or empty. The allowed transitions between states considering only sequential
tunneling are also listed.

state dot occupation allowed single electron transitions from state 7
73 (a, b, ¢) n—m

0 (0,0,0) 0—1, 0—2, 0—3

T (1,0,0) 1—0 1—4 1—5

p) (0, 1,0) 2—4 72—0, 2—6

3 (0,0, 1) 3—5 3—6 3—0

4 1, 1,0) i—3 4—1, 457

5 (1,0, 1) 53—3, 5—7 5—1

6 0, 1,1) 6—7, 6—3, 6—72

7 (1,1, 1) 7—6 7—5 7T—4
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4.3 Low Temperature Transport Measurements on Carbon Nanotubes

Each of the three CNTs j, j € {a, b, c}, carries a different offset charge en ; induced by the bias
drop across the respective tunneling barrier i, i € {1,2}, and both gate voltages V1 and Vi

enyj = C]jl/1j+C2jI/2j+ng1[/g] +ng21/g2. 4.21)

These quantities can be summarized in an offset charge vector Hy.
The energy scales relevant for transport can be listed in a charging energy matrix Ec given by

eZ
Ec = 5C”' (4.22)

where the diagonal elements describe the charging energies and the off-diagonal terms the
coefficients of inter-dot coupling. C~! denotes the inverse of the capacitance matrix defined by
C;; = Cy; and Cij = Cj,' for i 75 J

CZI —Lab _Cac
C=|-Cyp Cso2 —Cy|. (4.23)
_Cac _Cbc CZ3

The energy required to charge up the system by e7i is then with A7 = 7 — 7
E,(7) = ARECAR. (4.24)

In accordance with Ref. 75, E.,(7p) = 0 is chosen as the zero-point of energy. If one electron
tunnels onto island j via barrier i, an energy change

AE; () = Ecn(7ij) — Ecn(7) + eV} + 0j, (4.25)

results, where 7; denotes the charge vector with j-th entry n; + 1 if n; is the initial charge on
dot j before the transition. Furthermore, an additional offset o; of the energy level of dot j with
respect to the Fermi surface is included in Eq. (4.25).

Next, the transition rates from a state 7 to a state m, I'5_ 7, have to be determined. In Sec. 2.4,
tunneling through a single quantum dot was described assuming infinitely sharp energy levels.
In this case, the rates resulting from Fermi’s Golden Rule for the transition from a state » to a
state n + 1 across the tunneling barrier i are, as stated in Eq. 2.23,

g 1
h exp(fAE;(n)) + 1

1—‘i,n—>n+1 =

with a factor g; of dimension of energy quantifying the coupling strength of the dot level to
contact i. Yet, this approach does not describe the situation accurately at temperatures near
T = 0, as pointed out at the conclusion of Sec. 2.4. In the SQTM, an energy level of the dot
and the Fermi energy of the respective electrode have to be exactly aligned to allow tunneling,
otherwise energy conservation would be violated. However, in resonance the intermediate
level is occupied only for a very short time. This finite lifetime 7, leads to an “intrinsic”
level broadening caused by the uncertainty relation between time and energy [90] derived from

65



4 Measurements and Discussion

Heisenberg’s uncertainty principle [91]. To improve results for low temperatures, this lifetime
broadening of the dot levels has to be included in the transport model.

For resonant tunneling through an isolated quantum dot with only a single level at energy ey,
one finds in the literature a resulting net current [51]

I = 2_; ro T(E,V)[F(E — eV) — F(E)dE, (4.26)

—0o0
where F(FE) is the Fermi function
B 1
exp[f(E — Ep)] + 1

F(E)

introduced in Eq. (2.11) with § = (kgT)~!.
The transmission T'(E, V') can be approximated by
4111,

TE, V)= .
( ) (E —€9)* + (I'1 + T'p)?

(4.27)

Here, the scattering rates I'y and I', have dimensions of energy. They describe the strength of
the coupling to the electrodes and thus the lifetime broadening of the resonant level. For the
transition rates I'; ,_, 4+ from state n to n+1 across contact i (in Hz), this formulation motivates
the phenomenological ansatz

g_z/' J+m dE Y+l * h
2 ) (E=Em(n+1))?+ (Yns1 - h/2)?

Lipont1 = - F(E - AE;(n)), (4.28)

where y, x 1, I and g,’. is given in units of ez/ (2hC;). F(FE) is the Fermi distribution of
the electrodes, AE;(n) the energy difference specified in Eq. (2.16) and h denotes Planck’s
constant. At T = 0 the integral can be solved analytically and Eq. (4.28) can be written in the

form
—2AE;
Cinontl = g - [atan <—(")> + 5] . (4.29)
Vn+1 * h 2
As the lifetime of every level n is dominated by sequential tunneling events, it is
Yn = Dnsntt + Dion-t, (4.30)
where
Cksm =Tikosm + T2 ksm, (4.31)

Via this relation and Eq. (4.28) the transition rates are inversely defined. Numerically, the
resulting set of equations can be solved by iteration. Afterwards the probabilities p, to find the
dot in a respective state can be determined via the master equation method detailed before in
Sec. 2.4 (see Egs. (2.20) and (2.21)).
If we consider again, similarly to Sec. 4.2, the simple case of just one level that is either filled
or empty, it is

Yo =Tos1and y; =T (4.32)
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Figure 4.47 Current through a quantum dot with one level that can be either in the empty or occupied state.
Two different computational models are compared. In the first, only thermal broadening of the density of states of
the electrodes is taken into account (red curve) whilst in the second also lifetime broadening of the dot states is
considered (blue curve).

In Fig. 4.47 the current derived according to Eq. (2.29)
I =—e(pili150 — polio-1)

is compared for the case that only thermal level broadening of the dot states is considered with
the transition rates given by Eq. (2.23) (red curve) and the case that the effect of intrinsic level
broadening is included using Eq. (4.28) (blue curve). The reduced transition width in the red
curve is obvious.

The model can also be expanded to include more than one energy level of the quantum dot.
The current through such a system in dependence of bias and gate voltage is shown in the
Coulomb-blockade pattern in Fig. 4.48. Comparison to the Coulomb diamonds of a metallic
dot in Fig. 2.14 illustrates the gradual onset of current below the Coulomb blockade threshold
instead of a sharp onset at this voltage.

We now proceed with the calculation of transport through a system of three capacitively cou-
pled quantum dots. Intrinsic level broadening shall be taken into account in this case, too. In
view of the recursive definition of the lifetime broadening of the levels of a single dot given in
Eq. (4.28) we approximate

8 rw dE Y- h
—w  (E £ Exq(m)?> + (i - h/2)?

- F(E ¥ AE; j()), (4.33)

where 7 now no longer denotes the amount of electrons on a dot, but the number assigned to
the respective state of the entire system. This formulation is only valid for all transitions ## — i
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Figure 4.48 Coulomb blockade pattern of a quantum dot with several energy levels. Intrinsic level broadening
is taken into account in the numerical calculation of the current through the device in dependence of bias and gate
voltage. The used parameters are C; = C, = 50Cg, g} = g, =5 - 107¢*/(2hCy) and T = 0.

allowed within the SQTM, i. e. which involve only one dot j, j € {a, b, ¢} (see Tab. 4.1). Thus,
for a given process 71 — im, j is fixed. The signs depend on whether an electron is removed

from or added to that respective dot.
As before, y; rﬁ_l is determined by the rates of allowed transitions from state 7 to other

states, which are all given in Tab. 4.1:

(D 5 =To-1+T5-3+15-3
D rr=Ig+ -3+ T3

() 3 =T5.3+T5.5+ 155 (439

Thus, the transition rates are recursively defined by Eq. (4.33) and the equation set (4.34),
which can be solved numerically.

With the resulting I';_ 7, stationary state master equations for the probabilities pz, Y, ps = 1,
7

to find the system in state 7 can be set up, again including all the allowed transitions listed in

Tab. 4.1, namely

(M 0 =p5(T5-1 + 53 +T5-3) = pil15 — p3l5.5 — p3l5-5
() 0 =p;(Ti_5+ 7.3 +T7.2) —p5l5-7 — .-

() 0=p;1(I5_3+I5.5+I5.5) — ... (4.35)
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This equation set, too, can be solved numerically. The total current through the device can then
be derived by summing over the contributions of all three quantum dots

I=0I+1y+I.. (4.36)
For each CNT the current is determined by the allowed transitions # — . For I, e. g. it results

Iy = Iha = Ioa = —el(psli5.7 — pil 1o0)H(p3li 5.3 — pal's 35)+
(P30 5.5 — p3l5.3)+ (gl g7 — il 5-6)]

)

(4.37)

where o (7, i) is the difference of the number of electrons on the system in state 7 and state 7.
The results of these calculations are presented in color-coded plots of I vs. Vg1 and Vy; in the
next section.

4.3.4 Comparison of Experiment and Calculations

In the previous section the current through a system of three, instead of one, CNTs connected
via tunneling barriers to two Fermi reservoirs and capacitively coupled to two gates was cal-
culated. If three identical islands without capacitive coupling to each other are considered, the
conductance of the system simply rises a by a factor of three compared to the single conductor.
Still, only one peak appears in the dependence of the current I on the two gate voltages V, and
Vg2 as illustrated in Fig. 4.49. Yet, as soon as capacitive coupling among the dots is switched
on, three individual conductance peak lines can be distinguished as shown in Fig. 4.50. Due to
their mutual coupling, a charge on one island also shifts the energy spectrum of the other two
with respect to the Fermi energy Er and vice versa, i.e. the three CNTs mutually gate each
other. Thus, the dots drive each other in and out of transport and the system is only in a steady
state, not in equilibrium, for a given gate-voltage configuration.

In contrast to the simulation plot in Fig. 4.50 however, the conductance line triples appearing in
the simultaneous-gating measurements in Fig. 4.40 are not equidistant over the entire Vy1-Vy
range. This variance in spacing can also be reproduced with our model if the offset o; of the
energy level of one of the three dots is shifted with respect to the Fermi level (see Fig. 4.51).
In addition, this parameter change leads to different conductance of the three lines as well as
to the appearance of additional resonances caused by the displacement of level spectra with
respect to each other.

The observed experimental features also include different slope of lines belonging to the same
set, as indicated in the cutout shown in Fig. 4.43. Confirmed by the numerical simulations, this
can be attributed to stronger capacitive coupling of one CNT to one of the gates, as illustrated
in Fig. 4.52. Furthermore, the variance of conductance along one single line can be explained
with dissimilar capacitive coupling Cjg; and tunneling strength g; ; of the CNTs to the two
Fermi reservoirs. The result of the corresponding calculations is displayed in Fig. 4.53. The
influence of a weaker coupled dot on the energy shift and conductance of the other islands is
equally weaker. Figure 4.54 finally summarizes all these effects, which yield a strong similarity
to the data of Fig. 4.43.
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Figure 4.49 Color-coded current vs. gate-voltages
plot of three identical, isolated transport channels.
Only one narrow conductance peak appears in the V-
Ve spectrum. The parameters used for the simulation
are, in units of Cal: Cal = Cbl = Ccl = CaZ = Cb2 =
Co =1,Cy1 = Cogt = Ceg1 = 0.02, Copp = Cpp =
chZ =0.01, Cyp = Gpe = Cc =0, g;1 = gl,)l = gél =
gy =8, = &, = 0.005¢*/(2hCy), 0, = 0, = 0, =
0, Ver = =75 =75e/Cy1, Voo = =50 — 100 e/Cyo,
V=1-107¢/Cy and T = 0.
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Figure 4.51 Color-coded I vs. V,i/Vy, plot calcu-
lated with the model described in the previous sec-
tion. The three capacitively coupled quantum dots are
identical except for an energy offset introduced for the
level of one island. This results in a peak distance
variation and the appearance of additional resonances.
The simulation parameters are the same as for Fig.
4.50, but o, = 0.1 Eg,.

-50
1
= 0.1
3 -
jo/ 0.01
N 0.001
0
100
-75 Vg1 (e/Cag1) 75

Figure 4.50 Color-coded current vs. gate-voltages
plot of three identical, but additionally capacitively
coupled quantum dots. Three separate conductance
peaks can now be distinguished. The parameters used
for the simulation are the same as for Fig. 4.49, with
the exception of Cy, = Gy = Cyc = 0.25.
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Figure 4.52 Color-coded I vs. V,/Vy, plot calcu-
lated with the model described in the previous section.
One of the three considered quantum dots is stronger
capacitively coupled to one of the gates than the oth-
ers, which leads to different slope of conductance peak
traces. The parameters used for the simulation are the
same as for Fig. 4.50, except for Cyy, = 0.012.

An explanation for the crossing behavior of conductance traces belonging to the two different
line sets can also be derived with the help of the numerical simulations discussed here. For
that purpose, only two dots are taken into account, each capacitively coupled to only one of the
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Figure 4.53 Result of numerical I vs. V,; and Vyp
calculations. The color scale can be found on the right.
One of the three transport channels shows weaker cou-
pling to the leads, which yields varying current am-
plitude within the conductance lines. The parame-
ters used for the simulation are the same as for Fig.
4.50. Only g/, = g, = 0.00125¢*/(2hC,;) and
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Figure 4.54 Summary of the low temperature trans-
port features of three capacitively coupled quantum
dots. The simulation parameters g,, = g, =
0.00125¢€?/(2hCy,;), Cor = 0.012 and 0, = —0.05
were changed simultaneously to produce differing dis-
tance and slope of the lines as well as conductance
variation within traces. All other simulation param-

eters are those given in Fig. 4.50. The resulting 1
vs. V41/Vg plot strongly resembles the measurement
cutout in Fig. 4.43.

C,e» = 0.011 are different.

gates. Different tunneling strength to the leads causes dissimilar peak height and broadening
as shown in Fig. 4.55. The reduction of conduction directly at the crossing point of the capac-
itively uncoupled system can be attributed to a suppressed transition rate from the state (0,0),
i.e. both dots empty, to (1,1), i.e. both dots occupied, as cotunneling processes are less likely
than sequential tunneling events. The shift in the horizontal line is a direct consequence of the
capacitive coupling of both CNTs to each other, i. e. it is a sign of mutual gating. The conduc-
tance state of one dot is shifted in energy, i.e. also with respect to the applied gate voltages,
depending on whether the other dot is occupied or empty. As the capacitive coupling of the
quantum dots quickly reduces with distance but still clearly reflects itself in the intersections of
the two different line sets, it might be assumed that the fourth CNT comprising the other arm
of the ring geometry is also not spaced as far apart from the bundle as expected.

The numerical model described so far can also reproduce the low bias regime of gate-bias
plots, though no complete Coulomb diamond pattern, as only one state per dot is included. A
calculation for three identical CNTs capacitively coupled among each other with Cy, = Cyc =
Cy. is presented in Fig. 4.56. The gate voltages for which Coulomb blockade is suppressed
are split into three values, whose spacing depends on the magnitude of C;;. In the voltage
range in between, the blockade regime is significantly reduced and therefore hardly resolvable
experimentally. This corresponds to the observation of Coulomb blockade suppression over an
entire gate-voltage range in the measurements shown in Figs. 4.38 and 4.39.

For a closer investigation of the shape of Coulomb diamonds resulting from transport through
three capacitively coupled quantum dots, the number of energy levels per dot was expanded
to three each at T = 0, where the integral in Eq. (4.33) can be solved analytically. First,
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Figure 4.55 Color-coded I vs. V/Vy, plot derived
from numerical simulations of two quantum dots ca-
pacitively coupled among each other and to only one
of the two existing gates. Additionally, one transport
channel is coupled more weakly to the leads than the
other channel. Conductance reduction directly at the
peak crossing as well as parallel line shift left and right

T
0.1.
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Figure 4.56 I vs. V;; and Wiy plot. The color scale
is displayed on the right. The Coulomb diamond pat-
tern in the low bias regime has been calculated with
the model explained in the previous section. A reduc-
tion, almost vanishing, of the current blockade over
a continuous voltage range can be derived. The pa-
rameters used for the simulation are in units of Cy;:

of the same can be observed. The simulation parame-
ters in units of C,y are: Cy; = Gy = Cpp = Cpp = 1,
Cagl = 0, Cbg] = 0.02, CagZ = 0.02, Cbgz = 0, Cip = Coe = Coc = 02, g;1 = gl’)l = g(/;l = g;z =
Cop = 025, g, = g, = 0005¢*/(2hCy), g, = gy = &, = 0.005¢*/(2hC,1), 0, = 0, = 0. = 0,
g, = 0.0005€*/(2hCy1), 0 = 0, 0y = —0.05 Eqp, Vo = =30—-80e/Cye1, Vo =0,V = =1 = 1¢/Cy
Voo = =75 =75¢/Cyq1, Vi = =50 — 100e/C,, and T = 0.
V=1-10%¢/Cyand T = 0.

Ciuy =Cp =C =Cpp=Cpp =Cp =1,Cyg =
C'bgl = chl = 0.02, CagZ = Cng = chZ = 0.01,

only those transitions between the resulting 2° states of the system which change the total
number of electrons by 1, i.e. only sequential tunneling, are taken into account and rates
calculated for them. Including these allowed transitions of +1, steady state master equations
can subsequently be set up and solved numerically, analogously to the previously described
procedure. Figure 4.57 shows a Coulomb blockade pattern calculated with this approach. As
in Fig. 4.56, a significant reduction of the diamonds can be observed over a continuous voltage
range. Additionally, the superposition of transport states leads to diffusive onset of current
flow through the device. The edges of the Coulomb diamonds are not sharp and the blockade
extend varies significantly. Furthermore, in the low bias regime, which is enlarged in Fig.
4.58, signatures of excited states can hardly be detected. Comparison with the experimentally
obtained plots shows that this was also the range in which the measurements were performed.
Application of higher bias voltages might have revealed the contribution of excited states to
the conductance of the system.

So far no inelastic scattering processes were included in the calculations of transport through
quantum dots. However, within the SQTM electron tunneling to an excited state of one of the
islands followed by relaxation to a lower, unoccupied energy level (if existent) is conceivable.
Such processes can occur if the life time of a dot level is shorter than the tunneling time.
Implementing these inelastic processes into the numerical simulations leads to further washing
out of the Coulomb diamonds as illustrated in Fig. 4.59. The obtained blockade pattern strongly
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Figure 4.57 Coulomb-diamond pattern computed
for a system of three capacitively coupled quantum
dots with three energy levels contributing to trans-
port each. The color scale for the I vs. V4 and
Vbias plot is given on the right. Irregular size and
shape and washed-out onset of current flow as well
as nearly complete suppression of blockade over a
continuous voltage range can be reproduced with this
model. The simulation parameters are identical to
those given in Fig. 4.56, except for V3 = 0 — 100 and
V = -0.75-0.75. Additionally, 0, = 0, = 0, = 0,0.2
and 04E,.
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Figure 4.59 Coulomb diamond pattern. For the
computation of this I vs. Ve and Vs plot (color
scale given on the right) inelastic processes, namely
relaxation of tunneling electrons to lower unoccupied
energy levels, were also taken into account. The simu-
lation was performed with the same parameters as for
Fig. 4.57, except for the range of V;; = 0—200¢/C,;.
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Figure 4.58 Enlarged low bias regime of a I vs. Vg
and W,s dependence calculated with the same model
used for Fig. 4.57. The color scale of the Coulomb
diamond patter is displayed on the right.

0.125 4

0.1
0.01
0.001
0
-0.001
001
0.1

-0.125 -1
75 Vg1 (e/Cag1) 150

Figure 4.60 Zoom into the low bias regime of the
Coulomb diamond pattern shown in Fig. 4.59. The
color scale of the current can be found on the right.

resembles the data presented in Figs. 4.38 and 4.39, which indicates that the effect of relaxation
processes on transport through a system of capacitively coupled quantum dots is not negligible
and that more than one dot state contributes to transport.
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The goal of this thesis was the investigation of molecular transport with the focus on phase co-
herence. Thus, for a beginning doubly connected structures required for Aharonov-Bohm mea-
surements were fabricated by standard electron beam lithography. The next step, the contact-
ing of macromolecules, demanded nanometer-spaced metallic electrodes. These dimensions
are not available to standard lithography techniques. Nevertheless, single-molecule transport
data was acquired already by several research groups using various other methods. However,
their shortcomings range from poor selectivity of measurements on sandwiched SAMs over
mechanical instability of contacts formed with an STM tip to the difficulty of implementing
a gate electrode in MCBJs. The last issue can be overcome by employing electromigration
to generate ultrasmall gaps bridgeable by molecules in metallic structures. Due to the pla-
nar geometry of samples prepared this way, an additional capacitively coupled contact can be
placed in close proximity to the investigated junction. Furthermore, the resulting compact de-
vices can also be cooled to cryogenic temperatures, which guarantees sufficient suppression of
spatial and conformational changes. Additionally, in-situ deposition and on-line conductance
monitoring can improve selectivity. Therefore, feedback-controlled electromigration was our
method of choice for contacting single molecules.

According to the experience gathered in the course of our work with this technique, the process
divides into three regimes. It begins with thermal annealing, which manifests itself in an in-
crease of conductance. We attribute it to a reduction of defects, in particular grain boundaries,
in the evaporated metal. After the annealing a steady increase of resistance sets in. At this
stage the feedback loop can be operated reliably. The third and final regime, which is entered
above about 80 Gy, on the other hand, is difficult to control as R-V curves no longer show a
monotonic development. If the region of only a few conductance quanta is reached, telegraph
noise can be observed as a sign of atomic rearrangement as well as step-like conductance de-
crease. Plateaus however seldom correspond to integer multiples of Gy. This indicates that
transport channel transmission is not unity.

For a better understanding of the relation between structure thinning and measured resistance
we recorded a series of in-situ SEM images from electromigrating rings as well as wires doc-
umenting the process of structural changes and mapped them to the simultaneously measured
R-V traces. From the resulting movies we learned that ion displacement and the formation
of voids and hillocks already start in the annealing regime. However, the effect of island co-
alescence seems to prevail, but cannot be resolved with the SEM. When the resistance finally
slowly starts to increase, drastic changes in the nanostructure conformation occur already. With
the help of these observations we can conclude that the main material displacement is accom-
panied by a relatively low increase of only 1-2 orders of magnitude in resistance. The most
notable changes in the resistance towards the end of electromigration, on the other hand, cor-
respond to only small alterations in geometry below the resolution of the SEM. With this
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knowledge, it is easy to understand why the last part of the process is so difficult to control
even with a feedback loop.

All electromigration experiments described in this chapter so far had been conducted at room
temperature. We observed that under these conditions the substrate used for sample prepara-
tion plays a crucial role for the fabrication of closely spaced electrodes for molecule deposition.
The use of p-doped silicon covered by a thin layer of native oxide instead of 400 nm thermally
grown oxide substantially raised the yield of nanogaps. The decisive factor is the thermal
coupling of the metallic sample structure to a temperature reservoir. It improves dissipation
of Joule heat from the junction in the substrate and thus helps to avoid melting. We con-
firmed these experimental observations by modeling heat transport along the leads connected
to the nanostructure and across the underlying substrate described by a two-dimensional Pois-
son equation.

The model developed for this purpose can also be applied for the optimization of the sample
layout with respect to improved control over the location where electromigration sets in. How-
ever, the microstructure, especially grain boundaries competing with pre-structured constric-
tions, is not considered and remains an uncertainty factor. Nevertheless, helpful indications
how to avoid undesired excessive current and temperature rise can be derived. Consequently,
changing the sample layout from horizontally oriented to tilted squares helped us shift gap
generation towards the center of the ring arms.

For immediate registration of resistance changes in the high-ohmic regime during deposition
of molecules, we subsequently had to resort to thermally as well as electrically insulating
substrates again. Therefore, electromigration in cold helium gas was investigated. This method
raised the yield of slits only a few nanometers wide even on substrates covered by thick SiO;
layers. However, one has to keep in mind previously reported observations of metallic clusters
remaining in the gap region after electromigration at cryogenic temperatures [37-39]. These
possible residues make a gate electrode and sufficient statistics necessary for conclusive data
evaluation.

When the electromigration process had been mastered to this degree, experiments proceeded
to the inclusion of molecules in the generated nanogaps. Unfortunately, the synthesis of
sublimable molecules with substantial conductivity and sufficient size proved more time-
consuming than expected. Therefore, preliminary experiments with molecular rods, more pre-
cisely oligo(phenylene ethynylene)s, deposited from solution were conducted in the meantime.
Several attempts once yielded a non-vanishing conductance. As I-V curves were obtained at
room temperature only and no use had been made of gating, interpretation of the measurements
is difficult. Furthermore, acquisition of additional data for comparison was impeded by the
shortcomings of electromigration. The irreversibility of gap formation, the limited control over
junction size and the time-consuming sample preparation made it impossible to gather enough
statistics in a reasonable time.

At this point it was consequently decided to focus on a different kind of macromolecules,
namely carbon nanotubes (CNTs), which are long enough to be contacted by standard lithog-
raphy techniques, i.e. sample preparation does no longer require electromigration. Instead,
tungsten electrodes for the deposition of CNTs were prepared by common electron beam
lithography. Subsequently, single (bundles of) tubes could be placed by ac-dielectrophoresis.
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The result of this fabrication step was then checked by imaging with an SEM. Those structures
displaying two parallel CNT conductance channels were selected for further processing. How-
ever, single tubes cannot be distinguished doubtlessly from closely spaced bundles in that way.
Despite all preparative measures against it, the occurrence of bundle formation and deposition
thus remains a possibility. After temperature annealing to get rid of charges implanted by elec-
tron beam exposure, the sample layout was finally completed with gold measurement contacts
and two independently addressable gate electrodes in a second electron beam lithography step.
Accurate positioning of the structures with dimensions of down to 50 nm could be achieved.
Subsequently, the samples were inserted into a >He-*He dilution refrigerator which can reach
a base temperature below 10 mK. One sample survived this procedure completely intact, in-
cluding two functioning gates. Low-temperature transport measurements were performed on
this specimen. First, the variation of conductance with the voltage applied to one gate was
investigated separately for both electrodes in turn. The appearance of Coulomb diamonds in
each case verified an influence of both gates on the conductance of the device. In continuation,
the current amplitude for a fixed bias voltage in the linear response regime was recorded whilst
both V1 and Vy, were stepped simultaneously. Two conductance line sets with clearly differ-
ent slope could be resolved. These experiments confirmed the existence of two CNT transport
channels. However, the capacitive coupling of each gate to both quantum dots also manifested
itself.

The experimentally resulting Coulomb diamonds showed pronounced differences to a simple
numerical model as well as to previously published measurements. Their size, shape and se-
quence displayed no regularity over the investigated voltage range. Furthermore, no traces of
excited states were detectable and in certain continuous voltage ranges the blockade signature
vanished completely. Similarly, unexpected features were observed in the simultaneous gating
measurements. First, the two discernible line sets had a different spacing. In the more closely
spaced set, the distance between individual lines was irregular as well. They appeared not only
isolated, but also in pairs and triples. Even the spacing within such a set of three conductance
peak traces was not equidistant over the entire gating range. Furthermore, the lines also dis-
played a varying current amplitude between different and within one line and the traces are
not exactly parallel. Finally, crossing points of lines belonging to different sets show no clear
conductivity peak due to addition of conductances, but instead a parallel shift of the signature
of the weaker transport channel.

For comparison to and interpretation of the experimental results, a model was then developed
for the computation of current through a quantum dot, i.e. a spatially confined structure with
discrete level spacing weakly coupled via tunneling barriers to two Fermi reservoirs. In con-
trast to previous considerations of this setup, not only thermal, but also intrinsic level broad-
ening was taken into account. The experimentally observed transport characteristics lead to
the assumption that one of the apparently single CNTs was indeed formed by a closely spaced
bundle of (at least) three tubes, which are capacitively coupled to each other. Thus, they mutu-
ally influence their respective conductance states, i. e. mutually gate each other. The transport
model was therefore expanded for the numerical calculation of the current flow through such
a system of three quantum dots. The striking and unexpected features listed above could be
reproduced with these simulations. Thus, the assumption of a larger than intended number of
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conductance channels and their interaction could be confirmed. In addition, the influence of
relaxation processes during tunneling events could be shown to reflect itself in the shape of
Coulomb diamonds and wash out the onset of current.

Magnetoresistance measurements were also performed on the CNT sample. However, ob-
servation of Aharonov-Bohm oscillations was not achieved. On the one hand, this is due to
experimental difficulties, mainly caused by fluctuating background charges and instrumental
drift. On the other hand, the specific configuration of the measured device also hinders sta-
bilization of a transport state where two CNT channels contribute to charge transport. As the
CNTs are capacitively coupled to each other, they are very sensitive to the charge state of the
respective other quantum dots and drive each other in and out of conductance.

In summary, we can neither confirm nor exclude coherence in transport through carbon nan-
otubes. However, we were able to measure and reproduce the low-temperature transport char-
acteristics of a unique sample configuration incorporating a closely spaced bundle of three
CNTs representing quantum dots capacitively coupled among each other.
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