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Zusammenfassung

Die Miniaturisierung von aktiven Komponenten und Bauteilen ist ein Schwerpunkt der

Halbleiterindustrie. Die wachsenden Herausforderungen weiterhin dem Moor’sche Gesetz

[1] zu folgen, indem die Anzahl der aktiven Bauteile auf einem Chip erhöht wird, die

Herstellungskosten verringert werden und der Energieverbrauch minimiert wird, führt zu

Bauelementgrössen von wenigen Nanometern. Diese Entwicklung wird wahrscheinlich in

einigen Jahren durch die physikalischen Gesetze der Quantenmechanik begrenzt werden.

Die kleinsten Bauelemente der aktuellen Generation von Halbleiterbauteilen sind 22 nm

[2]. In Zukunft wird diese Grösse vergleichbar mit der Grösse von Einzelmolekülen sein.

Bereits 1976 hatten Avriam und Ratner [3] die Idee einzelene Moleküle als aktive Kom-

ponenten in elektronischen Bauteilen zu nutzen. Sie schlugen vor, dass ein molekularer

Gleichrichter bestehend aus einem Donator-Akzeptor π-Elektronensystem, getrennt durch

eine σ-gebundene Tunnelbrücke, die Eigenschaften eines p-n Übergangs; einer Diode,

zeigen würden. Diese Idee begründete das Forschungsgebiet der molekularen Elektronik.

Eine interessante Zielsetzung ist hierbei, ein einzelnes Molekül als aktive elektronische

Komponente zu nutzen, beispielsweise als Transistor, Schalter oder Speicherzelle.

Für die industrielle Anwendung könnten vorallem ein- und zweidimensionale Polypheny-

lene interessant sein. Diese Moleküle werden auch als Graphenmoleküle bezeichnet. Sie

können mit verschiendenen Endgruppen, welche beispielsweise eine Bindung zu Metall-

elektroden gewährleisten, synthetisiert werden. Ferner können Moleküle mit speziellen

Atomen oder Atomgruppen, welche demMolekül eine definierte Funktion geben, hergestellt

werden. Die Moleküle sind in verschiedenen Chemikalien lösbar und daher für selbstan-

bindende Prozesse aus chemischer Lösung geeignet.

Diese Arbeit zeigt ein dreidimensionales Bauteil, welches sich für die Charakterisierung

von Einzelmolekülen eignet. Desweiteren kann das Bauteil auch als Einzelmolekültransistor

verwendet werden. Das Bauelement besteht aus zwei Elektroden zwischen denen das

Molekül gebunden ist und einer lokalen Gateelektrode auf der die beiden anderen Elektro-

den lithographisch sturkturiert sind. Es werden zwei verschiedene Methoden zur Herstell-

ung der beiden Goldelektroden, Bias- und Groundelektrode, gezeigt. Zum Einen kann

ein Nanokontakt direkt über Elektronenstrahllithografie strukturiert werden, außerdem

besteht die Möglichkeit den Nanokontakt durch gesteuerte Elektromigration zwischen
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2 Zusammenfassung

zwei Elektroden zu erzeugen.

Die Herstellung von zwei Nanoelektroden durch hochauflösende Elektronenstrahllithografie

wird gezeigt. Durch das Schreiben von Einzel-Pixel-Linien werden Elektronen mit einer

Breite von 25 nm und einem Abstand von weniger als 10 nm strukturiert. Die Prozess-

ausbeute von Elektroden mit einem Abstand von weniger als 5 nm liegt zwischen 50

und 60 %. Dieser Herstellungsprozess eigent sich zur Messung von einzelnen Molekülen,

welche aus Lösung aufgebracht werden. Weiterhin bietet dieses Verfahren die Möglichkeit

Nanodrähte oder auch Graphen-Scheiben-Moleküle mit Grössen zwischen 10 und 20 nm

zu kontaktieren.

Desweiteren wird ein lithografischer Prozess zur Stukturierung der Gateelektrode entwick-

elt. In dieser Arbeit verwenden wir Aluminium mit einer Oxidschicht auf der Oberfläche

als Gateelektrode. Dieses Material zeigt einen hohen Gate-Kopplungs-Faktor, allerdings

ist es schwierig es als stabile und glatte Schicht herzustellen [4]. Wichtig ist hierbei,

das Aluminium bei der Temperatur flüssigen Stickstoffs (77 K) aufzudampfen und die

Oberfläche direkt nach dem Aufdampfen in einer kontrollierten Sauerstoffatmospähre

zu oxidieren. Die genaue Methode wird in den Kapiteln 3 und 4 beschrieben. Durch

Messen der Stabilität des Gates zeigt sich, dass 80 Prozent der Bauteile einen Leckstrom

von weniger als 5 pA im Messbereich von -2 V bis 2 V aufweisen. Die Glattheit der

Oberflächenschicht des Aluminiumoxides wird mittels Atom-Kraft-Mikroskop bestimmt

und beträgt ungefähr 1 nm.

Für die meisten während dieser Arbeit hergestellten Bauelemente wird der Nanokontakt

zwischen Bias- und Groundelektrode mittels Elektromigration ausgebildet. Die Nano-

strukturen werden mittels Fotolithografie, Elektronenstrahllithografie und Schattenauf-

dampfen der Metallschichten erzeugt. Unsere Fotomaske erlaubt die Herstellung von

1400 Transistoren in einem Prozessdurchlauf. Der ausführliche Prozess ist in Kapitel 4

beschrieben. Die anschließende Elektromigration wird mittels einem ADwin-light-16 Sys-

tem für Echtzeitmessungen durchgeführt. Verschiedenste Parameter für die gesteuerte

Elektromigration werden an mehr als 1000 Nanostrukturen an einem Nadelmessplatz

getestet. Die Ergebnisse werden in Kapitel 5 dargestellt und diskutiert. Weitere Tests

werden in einem Tieftemperaturkryostaten bei 4.2 K durchgeführt. Dabei zeigt sich dass

58 % der Nanokontakte kleiner als 5 nm sind.

Die Funktion der dreidimensonalen Bauelemente wird mittels C60 Buckyball-Molekülen

untersucht. Hier werden Experimente an einem Tieftemperatur-Nadelmessplatz bei Tem-

peraturen von 15 bis 20 K durchgeführt. Außerdem werden auch Messungen in einem

Mischkryostaten bei Tiefsttemperatur durchgeführt. Die Messungen in der Probestation

zeigen dass Bauteile ohne Moleküle gelegentlich charakteristische Kurvenverläufe in der

differentiellen Leitfähigkeit aufweisen. Diese Peaks können durch Goldkörner, die sich
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während der Elektromigration im Nanokontakt anlagern, erklärt werden. Das Messsig-

nal von Gold liegt in der selben Grössenordnung wie die magntische Leitfähigkeit, die

für die C60 Moleküle erwartet werden und erschweren dadurch eine Unterscheidung. Aus

diesem Grund werden weitere Messung bei wenigen Millikelvin durchgeführt. Hierbei

konnte eine Aufspaltung der Coulomb-Diamanten im magnetischen Feld beobachtet wer-

den. Die differentielle Leitfähigkeit konnte in Abhängigkeit von der Biasspannung in vier

unterschiedliche Signaturen aufgegliedert werden. Einge der Bauteile zeigten Peaks, deren

Lage von der Gatespannung abhängt. Es werden weiterhin Messungen im magnetischen

Feld durchgeführt. Eine Zeeman-Aufspaltung der Peaks kann beobachtet werden. Die

Werte des Landé-Faktors, welche aus der Aufspaltung errechnet werden variieren stark.

Für eine Interprätation dieser Ergebnisse sind ausführliche Charakterisierungen weiterer

Nanokontakte notwendig.

Ferner werden auch Messergebnisse von verschiedenen Polyphenylen-Molekülen gezeigt.

Es ist möglich Coulomb-Diamant-Strukturen und auch Zeeman-Aufspaltung zu messen.

Ein Landé-Faktor von 5,8 wurde für kurzkettige Polyphenylene gemessen. Dieser Wert

unterscheidet sich vom Wert für C60 Moleküle ebenso, wie von dem bekannten Wert von

Gold, dem Elektrodenmaterial. Es könnte sich hier um einen typischen Wert für die

graphenartigen Moleküle handeln. Die langkettigen Polyphenylene zeigen Werte für die

differentielle Leitfähigkeit von 0,011 bis 9,0 e2

h
und einem g-Faktor von 3,5. Für beide

Moleküle werden nur wenige Bauelemente charakterisiert, diese ersten Ergebnisse sind

sehr vielversprechend. Für eine ausführliche Untersuchung der Moleküle muss eine große

Anzahl von Einzelmolekültransistoren gemessen werden.
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Summary

A primary focus of the semiconductor industry is the miniaturisation of active devices.

The challenge to follow Moores law [1] in increasing the number of active devices on a

chip, lowering the cost for a chip and minimising the power consumption, will lead to

device sizes of a few nanometer. This development will eventually be limited by the

physical laws of quantum mechanics. The smallest features in the current generation of

semiconductor devices is 22 nm [2]. In some years, the size will be comparable to the

size of single molecules. The idea to use molecules as active building blocks in electronic

devices was already suggested in 1974 by Aviram and Ratner [3]. They proposed that a

molecular rectifier consisting of a donor π-system and an acceptor π-system, separated

by a σ-bonded tunneling bridge, would show the characteristic of a p-n junction; a diode.

With this idea the field of molecular electronics was founded. One interesting objective

is now to use one single molecule as an electronic building block: as transistor, switch or

memory cell.

One class of molecules which could become interesting for industry consists of one- and

two-dimensional polyphenyles; so called graphene molecules. These molecules can be syn-

thesised with different end groups for assuring a binding to metal electrodes, but also with

other atoms or atom groups which could give a defined function to the molecule. They

are soluble in various chemicals and therefor suitable for a self-assembling process from a

chemical solution.

This thesis presents an electronic three-terminal device suitable for the characterisation

of single molecules which can also be used as a single-molecule transistor. This device

consists of two electrodes between which the molecule is bound and a local back gate

electrode on which the other two electrodes are structured. Two different methods of

fabrication of the two gold electrodes, bias and ground electrode, are presented: direct

structuring of a nanogap by electron-beam lithography and the forming of the nanogap

between two electrodes using controlled electromigration.

The fabrication of two nanoelectrodes by high resolution electron-beam lithography is

demonstrated. By writing of single-pixel-lines, electrodes with a width of 15 nm and a

separation of less than 10 nm are produced. The yield of electrodes with separation less
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6 Summary

than 5 nm is between 50 and 60 %. This process is suitable for measurements on single

molecules applied from a solution, and also to contact nanowires or graphene disks with

sizes between 10 and 20 nm.

Further a process for structuring the gate electrode is developed. In our work we use

aluminum with an oxide layer on top for the gate electrode. This material shows a high

gate coupling but is difficult to fabricate as a smooth and stable layer [4]. Important is

here to evaporate the aluminum at liquid nitrogen temperature and to oxidize the layer

directly after evaporation, in a controlled oxygen atmosphere. The exact method is pre-

sented in chapters 3 and 4. Measurements of the gate stability have shown that for 80

percent of the devices, the leakage current for voltages between -2 V and 2 V is below 5

pA. The smoothness of the surface of the Al2O3 layer is measured by atomic force micro-

scope to be around 1 nm.

In most of the three-terminal devices fabricated during this thesis, the nanogap between

the bias and ground electrode is formed by electromigration. The nanostructures are pro-

duced with photolithography, electron-beam lithography and shadow evaporation of the

metal. Our photomask allows the fabrication of 1400 transistors with one process run.

The detailed process is described in chapter 4. The electromigration is performed with

an ADwin-light-16 system for real time measurements. Various parameters for electro-

migration are tested on more than 1000 structures in a probe station. The results are

discussed in chapter 5. Further tests in a cryostat at 4.2 K are performed. Here 58 % of

the structures were smaller than 5 nm.

The performance of the three-terminal devices is tested with C60 buckyball molecules.

Tests are performed on a cryogenic probe station between 15 and 20 K and in a dilution

refrigerator at base temperature. The measurements in the probe station showed that

three-terminal devices without molecules occasionally exhibits features in the differential

conductance. These peaks result form gold grains remaining in the gap after electro-

migration. The signal of gold is in the same order of magnetisation conduction as the

expected signal of C60 and makes a distinction difficult. Therefore measurements at mK

temperature are performed. Here a splitting of the coulomb diamonds in a magnetic field

could be observed. The differential conductance in dependence of the bias voltage could

be classified in four different signatures. Some of the devices showed peaks whose position

depends on the gate voltage. Here also measurements in a magnetic field are performed.

A Zeeman splitting of the peaks is observed. The values of the Landé-factor calculated

out of the splitting vary strongly and are not clearly understood.

Further measurements with different polyphenyle molecules are performed. It was possi-

ble to show Coulomb diamond structures and also zeeman splitting. A Landé-factor of

5.8 was measured for the short chain polyphenylene molecules. This value differs from
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the results measured for C60 and also from the g-factor of gold, the electrode material. It

could be typical for the graphene like molecules. The long chain polyphenylenes showed

differential conductance from 0.011 to 9.0 e2

h
and a g-factor of 3.5. For both molecules only

a small number of devices were measured, but these first results are very promising. For

a more detailed characterisation of the molecules a huge number of these single-molecule

transistors needs to be investigated.



8 Summary



Chapter 1

Introduction

One of the most important objectives of the semiconductor industry is the miniaturisation

of the active devices and therefore the reduction of the costs of the electronic components

on chips. In the nineteen sixties Moore predicted that the number of logical devices on a

single semiconductor chip will double every two years [1]. In the first decades after Moores

prediction the semiconductor industry had to solve challenges such as mass production,

the introduction of new materials and reliability. Nowadays the focus has changed. The

semiconductor industry is forced to minimize fabrication costs, to improve the logical

devices in performance, speed and power consumption and push further the limit of

miniaturisation, which requires the application of new fabrication technologies. On the

other hand, limitation imposed of the physical laws of quantum mechanics, forces the

investigation of new materials and new fabrication technologies. The actual generation of

semiconductor devices is fabricated with a smallest feature of 22 nm, compared to 10 µm

in 1971 [2]. These technologies include the use of high resolution UV-lithography, the use

of oxide layers which are only a few atomic layers thick and further the application of new

materials. The on-going miniaturisation of electronic devices will reach some nanometer

in the next few years. This is the size of single molecules. Hence, individual molecules will

become one possibility to use as logical elements. One advantage of molecules is that their

electrical properties can be modified by chemical synthesis. The engineering of specific

physical properties and functionalities is possible. Further, molecules are self-assembling

on surfaces in order to build molecular clusters or monolayers.

The idea of using molecules as electronic building blocks was already proposed in 1974

by Aviram and Ratner [3]. They proposed that a molecular rectifier consisting of a donor

π-system and an acceptor π-system, separated by a σ-bonded tunneling bridge, would

show the characteristic of a p-n junction, a diode, and in so doing, founded the field of

molecular electronics. Since this time various approaches to develop molecular devices

are investigated. Here, molecular devices are structures containing a very small number

of single molecules or even only one molecule. The focus of single-molecule devices lies

on the use of a molecule as an electronic building block: as transistor, switch or memory

9



10 1. Introduction

cell. Research in this field unites chemistry and physics. Chemistry gives the possibility

to create new molecules with special functionalities. Physics is needed to create suitable

nanostructures to contact the molecules and study the transport properties.

One interesting class of molecules are the one- and two-dimensional polyphenylenes [5].

These molecules are also called graphene molecules. Graphene is a monolayer of graphite

in a honey-comb like latter of carbon atoms. It has several interesting properties like

thermal stability up to 500 ◦C, being inert to most gases, showing a very high stability of

its lattice structure and having a high electrical mobility. Graphene has been theoretically

studied for decades, and a good overview of the theoretical results can be found in [6]

and [7]. Since 2005 it has been possible to extract single graphene layers from graphite.

Geim and Novoselov presented a very simple method to exfoliate graphene from graphite

[8], [9]. This was the birth of one of the currently most dynamic research topics in semi-

conductor physics [10], with more than 5000 papers. The material has been published

in international journals over the past 6 years. Main topics in graphene research are the

investigation of the quantum hall effect [8], [11], spin-transport and manipulation experi-

ments [12], electronic transport through suspended graphene [13] and graphene quantum

dots [14]. The fabrication of transport structures on graphene, like quantum dots, is

limited by the resolution of the available lithographic methods, and structures with sizes

smaller than 20 nm are very difficult to fabricate. The smallest quantum dot structures

reported have features of 30 nm [15], [16].

For the use of graphene in industries the application of the graphene-like molecules be-

comes interesting. It is possible to synthesis the molecules of different sizes from 1.4 nm

(with 11 benzene rings C42) up to 3.5 nm (with 91 benzene rings C222) [5]. Some of these

molecules are soluble and therefore good candidates for self-assembling processes. The

application of these molecules in a single-molecule transistor opens various possibilities

for research and industry.

The subject of this thesis is the fabrication of different three-dimensional devices for single-

molecule measurements. Further the reliability of the devices is tested and measurements

on C60 buckyball molecules are performed. Finally, first results of the measurements on

one-dimensional graphene-like molecules, polyphenylenes, are presented. The content of

the thesis is outlined below:

Chapter 2 gives a general overview about transport mechanisms in single-molecule tran-

sistors. Beginning with modeling the single-molecule contact as a quantum dot, the

energy and electrical models are described. This is followed by a discussion of first order

tunneling and Coulomb blockade. Furthermore, the three main higher order tunneling

effects are explained. Elastic and inelastic co-tunneling play an important role for single-

molecule transport. The occurrence of the Kondo effect for transport measurements and



11

the Zeeman splitting in magnetic fields is also described. The chapter closes with a short

presentation of C60 and Pentaphenylenes.

Chapter 3 provides the ground work needed for the development of the fabrication

of three-terminal devices for single-molecule measurements. The principle of the lithogra-

phy process is explained. This is followed by experiments to find basic information about

the properties of the needed resists. Here the focus lies on double-layer resist systems

and the use of photoresists for evaporation at liquid nitrogen temperature. Finally, high

resolution electron-beam lithography processes are presented. First results for nanogaps

directly structured by electron-beam lithography are shown.

Chapter 4 contains the complete device fabrication process steps of optical and electron-

beam lithography are explained and the results are presented. The different metal evapo-

ration methods are discussed in detail. Further the preparation of the molecules and their

application on the nanocontancts is explained.

Chapter 5 focuses on the creation of the nanogaps through controlled electromigra-

tion. First a theoretical overview of the electromigration process is given. The algorithm

programmed for controlled electromigration is described and the results for different elec-

tromigration parameters are presented.

Chapter 6 presents the measurements on single-molecule contacts. Beginning with a

description of the measurement set-up, the room-temperature measurements on C60 are

discussed. Further, experiments in a dilution refrigerator are performed. Here, also the

behavior of the molecules a magnetic field is observed. A discussion of the results follows

the different measurements of the C60 molecules. The focus of this discussion lies on

the distinction between molecule or gold grain, remaining after electromigration, in the

nanocontact. This chapter is closed by the presentation of the results of the measure-

ments on different pentaphenylene molecules. These molecules are investigated with this

measurement method for the first time.
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Chapter 2

Theory

A phenomenological description of the transport in single-molecule transistors is given

in this chapter. It should be sufficient to understand the single-molecule transport mea-

surements. The coupling of the molecules to the metallic leads and the gate electrode is

discussed. The single-molecule transistor is considered in the model of a single quantum

dot. The focus lies on the different tunneling effects responsible for the transport of sin-

gle electrons through the molecule. Further, the Kondo effect and Zeeman splitting are

described.

13



14 2. Theory

2.1 Transport through a single molecule

2.1.1 Electrical model of a single-molecule transistor

Figure 2.1: Electronic model of a single-molecule transistor. The molecule is coupled to

the source and drain electrodes via a tunnel resistance and a capacitance. The coupling to

the gate electrode is ideally only by a capacitance. (The figure is adapted from Osorio et

al., 2008 [17].)

The transport through a single molecule in a three-terminal device can be modeled

as a quantum dot (QD) coupled between two electrodes (source and drain) [18], [19],[20].

Figure 2.1 shows a schematic of this model [17]. The molecule is ideally situated between

source and drain electrode and coupled to them by tunnel barriers (ΓS, ΓD) with a resis-

tance (RS, RD) and a capacitance (CS, CD). Initially the molecule is in the ground state.

The coulomb repulsion of the electrons of the molecule implies that a discrete charging

energy has to be overcome to a transfered through the dot. The tunneling rate depends

on the tunneling barrier, this means the coupling of the QD to the metal leads. The

total coupling, Γ = ΓS + ΓD, gives the broadening of the molecular levels. Γ can be

charge-state dependent because the overlap between the wave functions of the electrodes

and the molecule can vary strongly with the number of electrons N.

The gate electrode is ideally coupled only by a capacitance to the molecule. The gate

capacity CG determines the external influence on the electronic structure of the molecule.

The gate serves to adjust the chemical potential of the molecule compared to the chem-

ical potentials of source and drain electrodes. A higher gate capacitance implies that

less voltage is needed to charge the molecule or further that more excited states of the

molecule can be tuned. In a real three-terminal device the gate is coupled to parasitic

resistances. The resulting leakage currents can be neglected if the parasitic resistance is

high compared to the tunneling resistance.
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2.1.2 Energy model of a single-molecule transistor

The discrete electronic spectrum of a single-molecule transistor in thermal equilibrium

is illustrated in figure 2.2 a). The leads are metallic and the states are filled up to the

Fermi energy EF=µS=µD of the system. The quantum dot is coupled to the reservoirs

by tunneling barriers (see above) which are usually of the order of some electron volts

(eV) and can be resolved at cryogenic temperatures. The energy splitting of a QD in the

model of a particle in a spherical box scales like

∆E ∝
1

(2R)2
(2.1)

with R is the radius of the dot. With formula 2.1 follows that bigger molecules need

lower measurement temperatures for a suitable spectral resolution. Further higher gate

voltages are required to access to excited states of smaller molecules.

Figure 2.2 a) shows a molecule without applied gate or bias voltage. The Fermi level is

D + EC

LUMO

HOMO

molecule

drainsource

EF

mDmS

a) b)
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mS
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mMOL (N+1)

mMOL (N)

mMOL (N+1)
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Figure 2.2: Energy models of a single-molecular transistor: a) The transistor is in thermal

equilibrium. The center of the HOMO-LUMO-gap aligns to the Fermi energy of the elec-

trodes. The total energy between HOMO and LUMO is the addition energy Eadd. b) The

application of a bias or a gate voltage can open transport channels for electron transport.

situated between the highest occupied molecular orbital (HOMO) and the lowest unoc-

cupied molecular level (LUMO) [21]. In this state the molecule can be neutral or already

be charged with the number of N electrons on the dot. The minimum energy to add the

N th electron to the QD is the electrochemical potential µ(N):

µ(N) = U(N)− U(N − 1) (2.2)
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where U(N) is the total ground state energy for N electrons on the dot. The electrochem-

ical potential µ(N) indicates the states available for transport. For the calculation of the

total energy needed to add an electron to the QD, the addition Energy Eadd, the coulomb

interaction between electrons has to be considered. This energy, called charging energy

EC is given by

EC =
e2

C
(2.3)

with C is the total capacitance of the system: C = CS + CD + CG.

For the addition energy Eadd follows:

Eadd = EC +∆ (2.4)

where ∆ is the quantum level spacing. Therefore, the addition energy is the sum of an

electrostatic energy of the molecule and a part of energy corresponding to the energy

spectrum of the QD.

Figure 2.2 b) shows the quantum dot with applied voltage causing a current flow through

the dot. The bias voltage (potential difference between source and drain) separates the

electrochemical potential of source and drain electrode: -eVbias = µS - µD.

Unoccupied molecular states can contribute to the electron transport if the bias voltage is

high enough. An increase of the bias voltage will open more and more transport channels.

The gate voltage applies an external potential which can charge or discharge the molecule

and therefore shift the electronic ladder up and down. The gate voltage shifts the molecu-

lar levels through the chemical potential of the electrodes. Here, transport channels of the

molecule will be opened if an molecular level is in resonance with the chemical potentials

of one of the metal leads: U(N) = U(N-1). Now, the system is no longer in Coulomb

blockade and a current can flow between source and drain electrode in the case that a

molecular level is between µS and µD. The oscillations of conductance caused by the

gate voltage are called Coulomb oscillations. Out of resonance the current is suppressed

and the system is in Coulomb blockade. The Coulomb peaks of high conductance are

broadened by the finite temperature and the height of the tunneling barriers.

The four possible cases to obtain current flow through the molecule are illustrated in

figure 2.3. The illustration shows the situations for which the transistor is conducting or

blocking. The region of blocking are called Coulomb diamonds. The points on the inter-

face between two diamonds are the charge degeneracy points, where a current can flow

even if the bias voltage is infinite small. The electrochemical potential depends linearly
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Figure 2.3: Stability diagram of a quantum dot. Four different cases for a current flow

through the QD are presented. Therefor, the coulomb blockage must be over crossed. The

chemical potential of the QD (molecular energy levels) has to be equal to the chemical

potentials of the source or the drain electrode.

on the applied external voltages. Therefore it is possible to get a quantitative information

about the different capacitances of the system by determining the slopes of the diamonds

boundaries:

positive slope : α+ = Cg/(CD + Cg); negative slope : α− = −Cg/CS (2.5)

The gate coupling is defined as
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β =
Cg

C
=

α+ ∗ α−

α+ + α−

(2.6)

and can be determined from the slopes of the Coulomb diamonds. Further it is possible

to measure the size of the diamond.
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2.2 First order electron tunneling

At cryogenic temperatures, the charging energy and the level spacing are much smaller

than the thermal energy (EC , ∆ ≪ kBT ). Another important parameter to describe

transport in a quantum dot is the total coupling Γ. In the weak coupling regime Γ is very

small (Γ ≪ EC , ∆). The transport measurements are normally illustrated in stability di-

agrams as shown in figure 2.3 above. An example for quantitative measurement results is

schematically shown in figure 2.4 a). The Coulomb diamonds have in first order zero con-

ductance, higher order tunneling can cause small currents, which are usually negligeable

in weak coupling regime. The number of electrons on the quantum dot in the Coulomb

diamonds is an integer value (N). For higher gate voltages the next diamond is accessible

and the charge on the molecule increases by N+1. It is difficult to know exactly the

charge state of the molecule since the molecule can already be charged without applied

voltages. This fact can make it difficult to identify the neutral charge state of the molecule.

Additionally excited states are illustrated in figure 2.4 a). The white lines, which are

parallel to the diamond edges, show excited states contributing to the conductance. The

energy of these excited states ∆E can be distinguished by the distance between the zero-

bias axis and the crossing point of the diamond edge [22].

a)a) b)

Figure 2.4: Transport in the weak coupling regime: a) Stability diagram of a QD. The

map shows the differential conductance plotted versus gate and bias voltage. The white

lines illustrate the transport through excited states. b) Plot of the differential conductance

dI/dV versus the gate voltage. The Coulomb peaks are measured at small bias voltage.

(The figure is adapted from Osorio et al., 2008 [17].)

The Coulomb blockade can be overcome by resonant tunneling. If a charge state µMol(N)

lies between the chemical potentials of source and drain electrode: µS < µMol(N) < µD,

then resonant tunneling can occur. The shift of the chemical potentials can be caused by



20 2. Theory

sweeping the bias or the gate voltage. Figure 2.4 b) shows the differential conductance

measured for a sweep of the gate voltage at low bias voltage. The peaks of the differential

conductance are Coulomb oscillations (see above) [23]. At these points, the two charge

states of the quantum dot have the same energy. This fact allows an electron to freely

hop on or off the QD.
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2.3 Higher order tunneling processes

In the last section the transport through real states was described. For weak coupling

of the molecule to the electrodes, only sequential tunneling effects have non-negligeable

contribution. All observed electron tunneling processes are first order tunneling processes.

For stronger coupling, higher order electron tunneling has to be considered. In the strong

coupling regime (∆ ≫ EC , kBT , ∆(N)), electron tunneling is dominated by elastic co-

herent tunneling [17]. A typical effect of this tunneling is that the Coulomb blockade is

no longer clearly visible. Quantum fluctuations of the molecular charge cause smeared

Coulomb diamonds. The resistance in this regime is close to the resistance quantum

RQ = h/e2 = 25.8 kΩ. The strong coupling regime will not be discussed in detail. De-

tailed descriptions can be found in [24], [25]. There exists a third regime between weak

and strong coupling: the intermediate coupling regime (1 MΩ > RS, RD > h/e2). Three

effects of higher order tunneling taking place in the intermediate coupling regime, are

explained in this section: the elastic and inelastic co-tunneling and the Kondo effect.

2.3.1 Elastic co-tunneling
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Figure 2.5: Transport in the intermediate coupling regime. a) Elastic co-tunneling: An

electron jumps to the drain (virtual state) and is immediately replaced by an electron from

the source. b) Inelastic co-tunneling: The N-th electron on a molecule state can jump

from the ground state to the drain (virtual state) to be immediately replaced by an electron

from the source, when |eVbias|=∆E.

An elastic co-tunneling process is shown in figure 2.5 a). Higher order tunneling

processes occur through so called virtual states, i.e. energetically forbidden states. For

coherent transport the co-tunneling process happens as a single quantum process. It is

called co-tunneling because two electrons are involved in the process. An electron tunnels

off the molecule from virtual state, while another electron tunnels into the molecule re-

placing the first electron. Considering Heisenbergs energy-time uncertainty principle this

is allowed to happen in the same quantum process without violating the energy conser-
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vation. The initial and the final state of the elastic co-tunneling process have the same

energy, but one electron is transported through the molecule during the process.

Elastic co-tunneling causes a rise of the conductance in the region where the transport is

forbidden by the Coulomb blockade. Therefore is a non zero background conductance in

these regions.

2.3.2 Inelastic co-tunneling

Inelastic co-tunneling adds energy to the molecule. This means that the molecule is in an

excited state after the tunneling process. Figure 2.5 b) shows such an event. The electron

tunneling into the molecule arrives here in a different excited state, than the one vacated

by the electron tunneling off the molecule. The energy difference of these two states is

∆E. This difference of the chemical potentials can be compensated by applying a bias

voltage (eVSD = ∆E) as shown in figure 2.5 b). Inelastic co-tunneling causes a step in the

differential conductance. This step appears if the bias voltage compensates the difference

of the chemical potentials between the two states of the tunneling process: eVSD ≥ ∆E.

The electron in the excited state will afterwards relax into the ground state.

2.3.3 Kondo effect
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Figure 2.6: Spin-flip co-tunneling: a) The molecule has one spin-up electron in the ground

state. b) The electron jumps out of the molecule state (virtual state) to the drain. c) The

electron is immediately replaced by a spin-down electron from the source. A spin-flip event

is involved in the co-tunneling process.

Another co-tunneling effect appears if the electron spin is considered, the Kondo effect

[26]. A molecule can have a net spin if a single localized state is spin-degenerated and only

partially filled. In the case that the QD has a net spin in its ground state, the transport of

one electron between the electrodes can be accompanied by a spin-flip event. A molecule

has a net spin and therefore a magnetic moment for an odd number of electrons, this

means one electron is unpaired and the spin is S = 1/2. There exist many theoretical

papers about the Kondo effect, which give a detailed discussion [27], [19], [28]. Here, only

a phenomenological description is provided to assist understanding of the measurements
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in chapter 6 is given. The spin-flip co-tunneling process is illustrated in figure 2.6.

A stability diagram for an odd number of electrons on a QD is shown in figure 2.7 a).

a) b)

Figure 2.7: Schematic representation of the Kondo effect. a) Stability diagram: for an odd

number of electrons in the dot, the Kondo effect occurs in a zero-bias resonance (white

line). b) For T ≪ TK is the full width at half maximum of the Kondo resonance ≈ kBTK.

(The figure is adapted from Osorio et al., 2008 [17].)

There is a zero-bias resonance in the differential conductance visible, connecting both

degeneracy points in the Coulomb diamond. Figure 2.7 b) shows a Kondo resonance.

The Kondo peak appears only for an odd number of electrons. The full width at half

maximum (FWHM) of the Kondo peak is of the order of kBTK . Where kB is the Boltzman

constant and TK is the Kondo temperature. For molecular devices the Kondo temperature

is typically 20 K - 50 K [17].

The Kondo temperature TK is a characteristic temperature and defined following the

Anderson model as

TK =
1

2

√

ΓECexp(
−πǫ

Γ
) (2.7)

where EC is the charging energy and -ǫ is the difference between the localized state and

the Fermi level of the electrodes [25]. The Kondo temperature corresponds to the coupling

energy of an antiferromagnetic-exchange coupling, between the electron spin on a QD and

the neighboring electrodes, caused by the Coulomb repulsion on the dot.

The application of a magnetic field lifts the spin degeneracy, splitting two previously

degenerated levels into two states. This splitting, called Zeeman splitting, is given by:

EZ = ∆E ±
1

2
gµeB (2.8)
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with g is the electron g-factor and µe is the Bohr magnetron. Figure 2.8 shows the

symmetric splitting in bias of the Kondo resonance caused by a magnetic field. The right

side of the figure shows the Zeeman splitting of the differential conductance in dependence

on the magnetic field and the bias voltage.

a) b)

Figure 2.8: a) Kondo resonance in presence of a magnetic field: A Zeeman splitting

symmetric in bias of the peak is visible. b) Calculated gray scale plot of the differential

conductance dI/dV versus Vbias and B. (The figure is adapted from [17].)
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2.4 Molecules

2.4.1 C60 molecules

C60 buckyballs are one of the most studied molecule in single-molecule transport measure-

ments. Some of the most interesting results are summarised in this section and should

help for the discussion of the measurement results in chapter 6.

First the energy spectrum of a free C60 molecule is considered. The energy levels for a neu-

tral molecule and for a molecule with one additional electron are calculated by the Density

Functional Theory (DFT) [29], [30]. These calculations are done for a free molecule. The

energy levels are shown in figure 2.9. The energy difference ∆E between the HOMO

and the LUMO is 1.64 eV for the neutral molecule and 1.5 eV for the charged molecule.

Figure 2.9 shows the neutral fullerene five fold degenerated ground state. For the charged

molecule, these levels are not longer degenerated. Figure 2.9 illustrates also that the dif-

ferences between the energy levels can vary between neutral and charged molecule.

Considering now a quantum dot, the charging energy EC is capacitively coupled to its

-3.66 V

-4.76 V

-6.40 V

-0.55 V
-0.65 V

-1.69 V
-1.77 V

-3.27 V
-3.31 V
-3.36 V

C60 C60

Figure 2.9: Calculated energy pattern for C60 and C−

60, adapted from Green [29].

environment. It can be estimated with the values of the electron affinity and the ionisation

energy, which are

µ0 = U(C60)− U(C1+

60 ) ≈ −7.8eV µ1 = U(C1−

60 )− U(C60) ≈ −2.8eV (2.9)

The chemical potentials µ0 and µ1 are calculated using the DFT method [29], [30]. For

the addition energy follows µ1 - µ0 = 5 eV. The charging energy can be estimated to be in

the range ∆E = 1.6 eV to EC = 3.4 eV. The charging energy can also be calculated with

formula 2.3, considering that the capacitance of the fullerene can be approximated with

that of a sphere 4πǫ0R with R = 0.4 nm (radius of a C60 buckyball). This calculation

gives: EC = 3.6 eV. Both calculation methods give approximately the same result for a

free buckyball molecule.
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Now, considering a molecule between two electrodes the charging energy is different. A

very easy approximation can be done for two spheres shells: an inner shell represents

the C60 molecule with a radius r1 = 0.4 nm and outer shell should model the electrodes

in a distance of 1.0 nm, with r1 = 1.4 nm. The capacitance can than be calculated as

4πǫ0/(1/r1 - 1/r2) and the charging energy is calculated to be EC ≈ 2.6 eV. This energy

follows from very simple approximations [25]. DFT calculations gave even lower charging

energies [31], [32]. It is very difficult to make accurate calculations for a molecule between

electrodes because details of the coupling of the molecule to the electrodes has to be taken

into account.

Measurements on C60 molecules have been performed by various research groups. One

of the most studied topics is the Kondo effect. Here the main work is done by Yu and

Roch [33], [28], [34]. Figure 2.10 shows the magnetic dependence of zero bias anomalies

for three different samples with C60 molecules measured by Roch [28]. The Landé-factor g

Figure 2.10: Zeeman splitting for three different C60 single-molecule transistors measuerd

by Roch [28].

for the molecules presented in figure 2.10, is 1.98 [28]. This value is similar to the g-value

measured in graphene quantum dots: g = 2 [35].

2.4.2 One-dimensional graphene-like molecules

This work also investigates one-dimensional polyphenylene molecules. The molecules are

provided by Prof. Dr. Muellen from the Max-Planck Institute of Polymer Research in

Mainz. Figure 2.11 shows the molecules. They come in four different chain length: 3.1

nm, 5.2 nm, 7.3 nm and 9.4 nm. On the ends of the chains thiol groups are synthesised.
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Figure 2.11: Chemical structure of poly(ladder-type)pentaphenylenes with different chain

length, with courtesy of Prof. Dr. Klaus Muellen, MPI Mainz.

These thiol groups should enhance the binding to the gold electrodes. The poly(ladder-

type pentaphenylenes) have linear monomers and so are rigidly linear [5]. The molecules

are π-conjugated and are attractive for use in devices like light-emitting diodes (LEDs).

The molecules can self-assemble into well defined nanostructures, if they are applied out

of a solution. Furthermore, they offer the possibility of adding atoms like fluor or boron

by chemical methods to change the properties of the molecules.
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Chapter 3

Basic principles

An essential part of the work in this thesis was the development of the lithography pro-

cesses to get a maximum yield of working single-molecular transistors. A single-molecular

transistor is a three-terminal device. It is fabricated by two steps of photolithography

(UVL) and one or two steps of electron-beam lithography (EBL). Each of these steps

has special requirements on the lithography parameters and the resists. This chapter will

give an overview of the basic lithography methods, the properties of different resists and

their applications. A technology to fabricate nanometer-scaled structures to contact single

molecules directly is described. The details of the single-molecular transistor fabrication

is described in the next chapter.

29
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3.1 Lithography

The fabrication of micro- and nanostructures requires lateral structuring of a substrate.

Therefore the desired structure has to be imaged as a pattern onto the substrate. This

process technology is called lithography. Depending on the desired structure size, the

resolution of the applied technology is the limiting factor: for optical lithography, the res-

olution is basically dictated through the wave length of the used light source. With ultra-

violet (UV) light sources, resolution down to 400 nm is possible using the mask aligner1 in

our working group. For the photolithography a resist film is exposed by UV light through

a mask with a given pattern. The advantage of this method is that big regions of the

substrate can be patterned with only one process step. For the desired nanoconstrictions

for the molecular contacts a resolution of 400 nm is not sufficient. Using electron-beam

lithography it is possible to obtain lateral structures of a few nanometer size. In case of an

arbitrary pattern, it can be designed using a CAD-program and scanned with a properly

focused electron beam over the substrate. The disadvantage of this method is the long

exposure time because of the sequential scanning of the pattern. The general principle of

lithography is described in the following enumeration and schematically shown in figure

3.1.

Substrate

a) b) c)

d)

Resist

ExposureResist deposition Developement:
positive process

Metallisation

Metals:

Gold
Titanium

e) Lift-off

photo mask

Figure 3.1: Principle of lithography: a) resist deposition, b) exposure by UV light or an

electron beam, c) development: here positive process, d) metallisation of titanium as a

sticking layer and gold as a contact metal, e) lift-off process.

1. Spin-coating of a photon- or electron sensitive resist onto the surface of a wafer.

Directly afterwards the sample is baked for a defined time to vaporize the solvent

out of the resist and to flow the resist.
1Karl Suss MJB 3
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2. Exposure of the pattern by UV light through a mask or with a focussed electron-

beam: the resist changes its properties in the exposed area.

3. Development: in a positive (negative) process the illuminated area of the resist

becomes solvable (insolvable) through the application of a specific developer. The

resist is removed by the developer.

4. Metallisation/Etching: in a metallisation process, a thin metal layer is deposited on

the sample. Possible methods for the metallisation are electron-beam evaporation,

thermal evaporation, magnetron sputtering or e.g. atomic layer deposition. In

figure 3.1 titanium as a sticking layer (5 nm thick) and then gold as a contact layer

(100 nm thick) are deposited by electron-beam evaporation. For the following lift-off

process, the bilayer metal system has to be thinner than the thickness of the resist on

the sample. For etching processes, RIE (reactive ion etching), CAIBE (chemically

assisted ion beam etching) or wet chemical etching are possible technologies.

5. Lift-off: a solvent (usually acetone) to remove the resist with the metal on top of

it, is applied to the sample. Only the metal on the opened area remains on the

substrate. For final cleaning an additional plasma etching step is applied which

removes all organic residuals on the sample surface.
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3.2 Resists

The most common, positive photoresists are a combination of Novolac resin and diazon-

aphthoquinone. They are dissolved in solvents like propylene glycol methyl ether acetate.

The exposure to light yields a photochemical reaction in the resist. The exposed area

of the resists becomes dissolvable for polar solvents (developers). All resists used during

this thesis are bought from Allresist GmbH. Only photoresists on Novolac base are used

for positive lift-off processes. For the EBL the resists used are PMMAs (Polymethyl-

methacrylate). They exist with different molecular weights from 50 k to 2.2 M. Smaller

molecular weight implies that the chain length of the polymer is shorter and this yields a

higher sensitivity. The PMMA 50 k (AP-R 639.04) has for example a 20 percent higher

sensitivity than the 950 k (AP-R 679.03) [36]. For a higher difference in sensitivity copoly-

mers PMMA/MA (AP-R 617) can be used. They have a 3-4 times higher sensitivity and

a better contrast than the PMMA resists [37]. This effect can be used for the application

of bilayer resist systems. The possibilities for the use of double-layer resist systems are

described in detail in section 3.2.3.

3.2.1 Determination of the resist thickness

The thickness of the resist is important to know for a working lift-off process. Furthermore

these thicknesses are required for the application of different resists in bilayer systems.

With a profiler2 it is possible to measure the thickness of a resist layer. The sample is

placed on a high-precision stage which moves beneath the stylus with a user defined scan

length, stylus force and speed. Surface variations move the stylus vertically and can be

transfered to height differences of the sample. The resists for EBL are spun on several

samples with different rotation speed from 3000 to 7000 rpm for 40 s to vary the layer

thickness. They were baked on a hotplate for one hour at 200 ◦C or at 180 ◦C. In figure 3.2

the dependence of the resist thickness on the rotation speed of the spin-coater is shown.

The thicknesses are measured over 30 µm wide scratches on five points distributed over a

1 cm2 big wafer piece. In the processes described in section 3.3.2 and chapter 4, the resist

AP-R 679.03 is used as top layer in the double-layer systems and the other three, more

sensitive resists (AR-P 639.04, AR-P 617.06 and AR-P 617.08) are used as the bottom

layer.

3.2.2 Profiles after the development

A suitable resist profile after the developing is important for a working lift-off process. The

resist profile depends on a appropriate dose (number of photons/electrons per area) during

the exposure and the development process (developing time and developer concentration).

In general, three different profiles can exist after the development. They are shown in

2Dektak 6M Stylus Profiler from Veeco
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a) b)

3000 4000 5000 6000 7000

200

250

300

350

400

450

500

550

600

PMMA/MA 33 % AR-P 617.06

PMMA/MA 33 % AR-P 617.08

la
y
e

r
th

ic
k
n

e
s
s

[n
m

]

rpm

3000 4000 5000 6000 7000

60

80

100

120

140

160

180
PMMA 50 k AR-P 639.04

PMMA 950 k AR-P 679.03

la
y
e

r
th

ic
k
n

e
s
s

[n
m

]

rpm

Figure 3.2: Thickness of the resists as a function of the spin-coaters rotation speed. All

resists are spun on top of a wafer for 40 s and baked on a hotplate for 1 h. The resist

AP-R 679.03 is baked at 180 ◦C, the AP-R 639.04 and the AP-R 617 at 200 ◦C.

figure 3.3. The desired profile for the lift-off is the undercut (a), which guarantees a

reliable lift-off process. In this case the shape is determined by the dose, and for EBL

also by the reflected and back-scattered electrons. A perpendicular metallisation prevents

a connection of the metal structure in the opened resist window due to sidewalls to the

metal of the surface. The solvent can easily penetrate and dissolve the resist and lift-off

the metal film. Resist profile (a) has to be used for high resolution structures. This profile

is created by high doses during the exposure and by the use of a fast working developer.

The image in the resist is formed by photoscission of the polymer chains and hence the

lowering of the molecular weight. The dissolution rate R for the exposed region should

be much higher than the unexposed dissolution rate R0. In order to create the undercut

profile it is important that the dissolution rate ratio R
R0

is higher than 10 [38]. Profile

(b) can work concerning the lift-off in case of a perpendicular metal evaporation only if

the thickness is much thinner than the resist layer. If the metallisation is not exactly

perpendicular, the flanks of the resist can be covered by metal and after the lift-off small,

thin sidewalls remain on the edges of the structure (see schematic drawing 3.4). These

sidewalls can cause problems in the following process steps. For example, an overlapping

structure created in the next lithography step, can be broken by the sidewalls and the

electrical connection of the device is interrupted. In figure 3.4 the sidewalls of the gate

electrode (aluminum) destroy the connection between the nanoconstriction on top of the

gate and the connecting leads to the bonding pads. This problem often occurred in the

process development of the gate electrode during this thesis (see chapter 4.1.2). In the

case of the overcut profile (c) in figure 3.3 the lift-off often will not work because there

is no possibility for the solvent to attack the resist in the flanks of the structures to

lift-off the resist and the metal. The flanks are completely covered with the metal film

(f). Even if the lift-off will work, often sidewalls remain causing device failure. Profile c)
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a) b) c)

Substrat

Resist

d) e) f)

Figure 3.3: Possible resist profiles after development: a) undercut profile, b) perpendicular

profile, c) overcut profile, d) - f) after metal evaporation, lift-off will work reliable only in

case of the undercut profile.

depends on the process parameters of the development (e.g. too long development time

by photoresists). In this case the dissolution rate ratio R
R0

of the polymer is lower than

10 (see above) [38].

a) b) c)

Substrat

Resist

d) e)

Aluminum

sidewalls

second process:
without sidewalls

gold

second process:
with sidewalls

Figure 3.4: Schematic drawing concerning sidewalls. This picture shows not the real

ratios and size, it should only help to explain the problems due to sidewalls. a) perpendic-

ular resist profile after development, b) after metal evaporation, c) after lift-off sidewalls

remain on the edges of the aluminum structure, d) A second process step on top of the first

layer without sidewalls in the first layer. The second gold layer is completely connected

and the device is working. e) The second layer is interrupted by the sidewalls of the first

one and the device can not work.
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3.2.3 Double-layer resist systems

Substrate

a) b) c)

d)

Resist

ExposureResist deposition Developement:
positive process

Metallisation

Metals:
Gold
Titanium

e) Lift-off

electron-beam

reflected / back-
scattered electrones

Figure 3.5: Double-layer resist system: a) Two resists with different sensitivities are

subsequently spin coated on top of a substrate. The bottom layer is more sensitive than

the top layer. b) Exposure of the resist. The top layer gives the exact image projection, the

bottom layer is more sensitive and additionally exposed by electrons which are backscattered

by the substrate. c) Development. An undercut profile is created. d) Metallisation: There

is no connection between the structure and the resist. e) Metal structure after lift-off.

An alternative method to create an undercut profile is the implementation of a double-

layer resist system. This is often done for EBL to assure a working lift-off process.

Furthermore there are special bilayer resists for UVL. In general two layers of PMMA

with different molecular weight and hence different sensitivities are spin coated and baked

successively. The bottom layer, also called the lift-off layer, is more sensitive and creates

the desired undercut. The top layer is called the image layer because of its properties

to define the structure size (see fig. 3.5). In case of a big difference in sensitivities of

both layers, free standing resist bridges can be created. This method is used for shadow

evaporation technique which will be explained later in chapter 4.2.2 of this thesis.

3.2.4 Resists for cold evaporation

Photoresists are generally handled at room temperature and baked between 80 ◦C and

110 ◦C. Some resists are thermally stable up to 150 ◦C [39]. Even though most of the

process parameters are described in data sheets, there is no information about the min-

imum temperature which the resists can support without loosing their properties. In

the second step of photolithography it is important to evaporate the aluminum at liquid

nitrogen temperature (77 K). The reasons are explained in section 4.1.2 in detail. To
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find a suitable resist, all photoresists available were tested at 77 K. In total, six different

single-layer and four double-layer resist systems from Allresist GmbH were investigated.

The parameters for the resist spin coating and baking process are shown in table A.1.

The samples are mounted on a special sample holder with a liquid nitrogen reservoir on

the backside. After cooling down to 77 K, tempering there for 10 minutes and warming

up, the resists are inspected with an optical microscope. Most of the resists are damaged

by the cooling process like shown in figure 3.6. This massive damage makes a reliable

lift-off process impossible. Three photoresists were not affected by the low temperature:

AR-U 4060, SX-AR-N 4800/16 and AR-N 4340. More detailed information about this

tests are described in the diploma thesis of Simon Moser [40].

Figure 3.6: Optical microscope images of resists taken after thermal shock testing. Left:

the resist AR-P 3540 shows different cracks: long fissures and bubbles; right: the bilayer

resist AR-P 5640/AR-P 3540 shows three different size of cracks in the surface.
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3.3 High resolution electron-beam lithography

For the EBL a scanning electron microscope (SEM) type LEO 15253 with an Elphy pattern

generator4 for EBL is used. The electron source of the SEM is a thermal Schottky-field-

emission cathode (W/ZrO). The accelerator voltage of the electron beam can be controlled

between 0.1 kV and 30 kV. For high resolution EBL, the maximum acceleration voltage of

30 kV is used. In theory, the resolution is limited by the wavelength of the electrons. The

wavelength of an electron is defined through the de-Broglie relation. For an accelerator

voltage of 30 kV the electron wave length is 7 ∗ 10−12 m. The effective resolution is

restricted by different effects. The electron beam spot has a finite dimension. The spot

size depends on the focus of the electromagnetic lens system. Further, the electron-

beam is shaped by forward scattering in the resist and backscattering of the electrons

from the substrate. The broadening of the image due to the interaction of the electron-

beam with resist and substrate is called the proximity effect in electron-beam lithography.

The resolution depends also on the properties of the used resists: in particular from the

thickness and the molecular weight.

3.3.1 Proximity effects

The impact of the electron-beam on a material causes interactions between the electrons

and the atoms. When the electron-beam is entering the resist, it will be enlarged by

scattering off the molecules of the resist. Then, the beam will be scattered further in

the substrate through electron collisions at the lattice atoms. One part of these electrons

will be back scattered into the resist and causes backward exposure. These both effects,

forward and backscattering of the electron-beam, are limiting the resolution of the EBL

in addition to the resist properties.

The Bethe-Bloch formula states that fast electrons (with higher energies) transfer less

energy to the system and they are less deflected. Hence, the scattering behavior depends

on the acceleration voltage of the electron beam. This can be calculated by Monte Carlo

simulations and is shown in figure 3.7. A simulation of 100 electron trajectories for

acceleration voltages of 10 kV and 20 kV is plotted. Low acceleration voltages enlarge

the electron-beam by forward scattering, thereby the electrons of the beam are slowing

down. The number of scattering processes in the substrate is low. For reasonable resist

thickness, this causes an undercut in the resist profile. Therefore it is also a possibility

to create the undercut for the lift-off process (see fig. 3.7 a)). The forward scattering

decreases for higher acceleration voltages and the electron-beam penetrates the resist with

a nearly straight trajectory. In this case, the backscattering of high energy electrons from

the substrate dominates and the area is exposed with a higher dose (fig. 3.7 b)). The

above described effects are called proximity effect.

3Carl Zeiss LEO 1525
4Raith GmbH
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The proximity effect can be divided in two effects: the intra- and the inter-proximity

Figure 3.7: Monte Carlo simulation of 100 primary electrons trajectories in a layer of

PMMA on a silicon wafer. a) The beam energy is 10 keV, scattering is low and confined

to the surface area. b) For higher beam energies like 20 keV the scattering processes

increase massively [41]

effect. A schematic of these effects are shown in figure 3.8. The inter-proximity effect

plays a significant role if structures are too close to each other. This means that their

distance is smaller than the scattering length of the electrons. The electrons from the

exposure of one structure can scatter in such a way that the area between the structures

and the neighboring structure is affected by backscattered electrons. This effect has to be

considered if the distance between two structures is less than a few µm. A smaller dose

has to be used for the exposure at neighboring areas.

For the intra-proximity effect the dose in the center of a pattern is larger than at the

edges and corners. This effect is geometric because there are less electrons contributing

to the dose at the edges of a pattern.

a) b)

Figure 3.8: Schematic drawing of a) the intra-proximity effect and b) the inter-proximity

effect for a square.
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3.3.2 Single-pixel-lines

In this section, some of the high resolution EBL results are presented. The task is to

structure a line with a gap in the middle, which is small enough to trap a single molecule

(see schematic 3.9). For the available molecules a gap size of less than 10 nm is needed.

It was shown in [42] that it is possible to write 6 nm wide Au/Pd lines with the available

EBL system. These structures were not continuous and only three nanometer thick. For

pure Au the lines were 8 nm thick, the width depends on the grains size of the evaporated

Au. In [42] it is reported that Au lines with a width of 15 nm were continuous. These

lines were defined as single-pixel-lines (SPL) in the Elphy system. This means that a line

with a thickness of 0 nm (one pixel) is written by the pattern generator. So, the width

of exposure is the broadening of the electron-beam. Further, the line width depends on

the molecule size of the used resists. The used bilayer resist system for this structures

was PMMA 50 k as lift-off layer and PMMA 200 k as image layer. Lehmann showed the

limits of the EBL system, but his structures were not suitable for measurements.

In this work it was tried to produce a continuous line with only a single, a few nanometer

2
0

0
n

m l1 l2

b

Figure 3.9: Schematic image of the exposed structures. l1 and l2 are the lengths of the

single-pixel-lines. b is the defined size of the gap.

sized gap in its center as shown in the schematic drawing of figure 3.9. The structures

should be usable for single-molecule measurements. For SPLs, the EBL software sequen-

tially writes points with a distance equal to the step size to each other. During the

exposure the finite diameter of the electron-beam and the proximity effect broaden the

sequence of points to a thin, continuous line. Two lines with a gap in the middle like

in figure 3.9 are exposed, for high beam doses a thin line will be formed. The minimum

step size for the exposure is 1.25 nm (by 16-bit AD-converter in a 81,92 × 81,92 µm2

write-field), this means that the gap size has to be a multiple of this value. Due to the

inter-proximity effect, it is difficult to process lines with small gap sizes. The line dose

is determined in several dose tests. It is not possible to resolve less than 10 nm with

the used resist system. Due to the definition of the gap between the two lines and the

granularity of the evaporated gold, a discontinuity can be built. Too high line dose yields

to a continuous line. There, the gap can be formed by electromigration. Too low dose

leads to gaps bigger than 10 nm.

A bilayer resist system consisting of AP-R 679.03 (PMMA 950 k) as top layer and AP-

R 639.04 (PMMA 50 k) as bottom layer is used for the EBL of the single-pixel-lines. The

top layer has a high contrast, but a low sensitivity. This is different from the resist system
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in [42], [43]. The exact process data are noted in Appendix B.1. The exposure is realised

at 30 keV. The beam focusing is done by a 3-point focus correction on the working dis-

tance of the Elphy system. The software is correcting differences in the working distance

on the sample surface in the focus mode. The beam current was 0.136 nA, an aperture

of 20 µm is used for these experiments. The resolution of the system is set to 2 pixel

which corresponds to a step size of 2.5 nm. The area dose for the 200 nm electrodes is

set to 1200 µC

cm2 . The line dose of the single-pixel-lines is slightly varied between different

structures. Table 3.1 shows the exposure parameters and results for different samples.

The gap sizes b which are defined by the pattern generator are 5 and 10 nm, respec-

set gap size b length l1 length l2 line dose real gap size g number of

[nm] [nm] [nm]
[

µC

cm

]

[nm] structures

5 50 45 1350 - 1485 >30 39

5 50 45 1404 - 1553 < 3 21

5 50 45 1472 - 1755 line 12

10 45 45 1350 - 1485 >30 42

10 45 45 1431 - 1553 < 3 12

10 45 45 1431 - 1755 line 18

Table 3.1: Overview of the parameters and the results of the exposure of single-pixel-lines.

The real gap size is determined by SEM measurements.The total number of structures for

each set gap size b is 72.

tively. The dose was varied from 1350 to 1755 µC

cm
. After the exposure 8 nm of gold are

evaporated at low rates from a distance of one meter at the upper evaporation chamber

of the electron beam evaporation machine. The structures are inspected with the SEM

and the gap sizes g are measured.

It is not possible to resolve gaps smaller than 3 nm with the SEM. For these samples the

resistance is determined in 2-point-configuration by current and voltage measurements.

They showed all resistances higher than 10 GΩ. This implies that there is a very small

gap. In table 3.1, the line dose ranges for gaps bigger than 30 nm, small gaps (≤ 3 nm)

and lines are overlapping. This fact is due to the position of the structures on the sam-

ple and the focusing of the electron beam. Even with the 3-point-alignment it was not

possible to assure a precise focusing over an area of 10 mm2. Also, the proximity effect

from the bigger structures influences the exposure of the SPLs. The best results were

achieved in dose ranges from 1404 - 1553 µC

cm
and 1431 - 1553 µC

cm
. The yield of working

structures with a given gap size b of 5 nm is 29 % and for 10 nm gap size is 17 %. For

later experiments a dose range from 1485 - 1553 µC

cm
is used. Here the yield of working

nanogaps is between 50 and 60 %. Figure 3.10 illustrates a nanoconstriction with a gap

smaller than 3 nm in its center. The gap is in the region of the red circle. For structures

with small continuous lines a gap was produced by electromigration (see chapter 5). A

4 nm gap built with this technology is shown in figure 3.11. All process parameters are
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given in tabular form in Appendix B.

The challenge for this high resolution EBL is the precise beam focusing. It has to be

Figure 3.10: SEM image of a structure with a single-pixel-line in the middle. The single-

pixel-line has a gap which is not resolvable in its center (red circle) with the SEM. The

gap is smaller than 3 nm. The I-V-measurement shows a resistance bigger than 10 GΩ.

done at high magnifications and next to the structures. If the structures are only a few

micrometer separated from each other the 3-point-focus-alignment of the systems works

well, but if the structures cover an area of a square centimeter like for our single molecule

transistors the area is too big for a precise focusing. This technology is only suitable for

single samples, not for our mask with 100 structures exposed in one process step.
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Figure 3.11: SEM image of a structure with a single-pixel-line in the middle. The single-

pixel-line has a width of 10 nm and a gap of 4 nm in its center. This gap was created by

electromigration (see chapter 5) in a continuous, 15 nm wide SPL after lithography.



Chapter 4

Fabrication of three terminal devices

A single-molecule transistor (SMT) is a three-terminal device. In the ideal situation the

molecule is trapped between two electrodes (bias and ground electrode) and the energy

levels of the molecule are controlled by a back gate. The SMT is processed by two steps of

optical lithography and one or two steps of electron-beam lithography (EBL). A schematic

drawing of a SMT is shown in figure 4.1.

Different designs for the SMTs are proposed by the groups of Herre van der Zant and

aluminium layer

aluminium oxide layer

gold contacts

nano contact ( < 10 nm)

molecule

thiol end groups for binding to gold

substrate: silicon with
a 280 nm oxide layer

Figure 4.1: Schematic drawing of a single-molecule transistor: The substrate is silicon

with a silicon oxide layer on top. On top of the substrate, the aluminum/aluminum oxide

gate is structured. The nanogap is processed by EBL and electromigration. A molecule

can be bound between the gap with or without thiol end groups.

Franck Balestro [44], [4], [45], [17], [46]. In this thesis, both approaches are applied.

Because of the design of the sample holders in the cryostates, 18 contacts can be used.

Therefore, there are 14 nanocontacts on one structure, one common bias/ground contact

and one common gate contact. The ground and the gate contact are double bonded.

Figure 4.2 shows a structure after the optical lithographies. The optical mask gives the

possibility to create an array of 100 structures, this means 1400 nanoconstrictions all

together. The inner part with the nanoconstrictions is shown later in section 4.2.

In this chapter, the development of the nanolithography and the complete fabrication pro-

43
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cess for the three-terminal devices is described. First, the optical lithography is discussed.

A crucial point is the development of the cold evaporation process for the aluminum oxide

gate. This section is followed by a discussion of the electron-beam lithography for the

nanoconstrictions. Here, focus lies on two technologies: shadow evaporation and struc-

turing of small lines. The nanogap in these structures is created by electromigration (see

chapter 5). It is also possible to structure gaps directly by shadow evaporation. The gap

size of this structures is about 10 nm. This process is described in this chapter. At last,

the preparation and deposition of the molecules is explained.



4.1. Photolithography 45

4.1 Photolithography

4.1.1 Gold contact pads

The contact pads, the leads to the inner part of the structures, the common ground

electrodes and the alignment marks for the following steps are all made by a first step

of optical lithography. The process has to be optimized with respect to two aspects: (i)

the 2-µm sized alignment marks for the e-beam lithography should have a clearly defined

shape, (ii) it is important for the following process steps that the ground electrode has no

sidewalls on its edges (see section 3.2.2). The process parameters have to be optimized

for each series of samples, because the photoresist characteristics depends on the time of

storage. The photoresist concentration can change over time due to evaporation of the

solvent in the resist.

The Allresist GmbH photoresist AR-P 5350 is used for this process step [47]. It is a

positively working resist for UVL, which generates an undercut profile and is suitable

for lift-off processes. The resist is spun for 40 s at 5000 rpm onto the substrate. This

gives a layer thickness of about 900 nm. After baking the sample for 5 min at 105 ◦C

on a hotplate, the structures are illuminated in an UV mask aligner in the hard contact

mode to obtain good alignment marks. Then, the structures are developed with Allresist

GmbH developer AR 300-26, carefully rinsed with water and blown dry. By electron-beam

evaporation 5 nm of titanium as a sticking layer and 50 nm of gold are evaporated with

a rate of 0.5 nm/s onto the sample. The lift-off process is done in acetone at 50 ◦C and

sonication for some minutes is used to get rid of possible sidewalls on the edges of the

structures. The detailed recipes are shown in the Appendix C.2. The structure is shown

in figure 4.2 a).

4.1.2 Aluminum oxide gate

In three-terminal devices, the orbital energy levels En can be shifted by the potential of

the gate electrode VG. The ratio of the shift in En to the applied gate electrode potential

eVG is the coupling parameter β. This gate coupling parameter should be as high as pos-

sible to access as many charge states as possible. The most frequently used gate insulator

material is thermally grown SiO2 on top of heavily doped silicon substrates. Another

possibility for a gate is an aluminum layer with a native oxide layer structured on top of

SiO2 layers on silicon substrates [4]. The aluminum gates with an oxide thickness of about

3 nm have a gate coupling of around 0.1 and the breakthrough voltage is between 2 and

3 V or even higher. This gives the possibility to shift the potential of the molecular levels

by ± 0.3 eV. In silicon devices with an oxide layer thickness of 250 nm, the gate coupling

is about 10−3 with a typical breakthrough voltage of 100 V. This gives a potential shift

of ± 0.1 eV [4]. For the reason of higher gate coupling, aluminum is chosen as a gate

material.
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a) b) gate structurecontact pads

common ground
electrode

Figure 4.2: a) Optical micrographs of a structure after the first step of optical lithography.

The golden contact pads and their connection leads to the inner part are shown. b) Image

after the second step of optical lithography. The aluminum oxide gate is visible in the gap

from structure a).

Aluminum oxide grown at room temperature contains various defects. The bonding is

mostly ionic and the coordination numbers are higher than for example in silicon oxide.

Therefore Al2O3 is a poorer glass former and has a higher concentration of non equilib-

rium defects because the oxide network is less able to relax, to rebound and to remove

defects. This leads to a grainy structure surface. Furthermore, aluminum forms islands

on the surface of the substrate during the evaporation and yields a very rough structure

[48]. If the surface of the gate oxide is too rough, it is possible that thin nanostructures

on top of the gate will be interrupted by grains of the Al2O3 layer.

Amorphous aluminum can be grown at liquid nitrogen temperatures. The cold grown alu-

minum can configure its interface bonding to minimize the number of interface defects.

Furthermore the dielectric constant is isotropic so that fluctuations in polarization from

differently orientated oxide grains will not scatter carriers. There are no grain boundaries

in amorphous phases. Amorphous aluminum oxide can be grown by cold evaporation

and subsequent thermal1 oxidation. This process is often followed by plasma oxidation.

Plasma oxidation leads to a thicker and more stable oxide because the ozone or oxygen

radicals created in the plasma are much more reactive than pure oxygen and can penetrate

deeper into the surface of the aluminum layer [48].

Design and application of the sample holder for cold evaporation

A sample holder for the evaporation of metal at low temperatures is developed. It is

1at room temperature



4.1. Photolithography 47

designed with a reservoir for liquid nitrogen on its backside to cool the sample . The

liquid nitrogen can be filled into the reservoir by a tube and it is possible to blow it out

after the evaporation with nitrogen gas or a hot air gun to warm up the sample holder.

The sample holder is screwed on top of the evaporation machine and separated by a valve

from the high vacuum evaporation chamber. This load lock can be pumped separately

and can be flushed with pure oxygen gas to oxidize the sample after the evaporation. The

oxygen pressure is controlled by a needle valve. The sample holder is shown in figure 4.3.

plate valve of
the load lock

air gun

Figure 4.3: Left: sample holder for the cold evaporation of aluminum. The nitrogen is

filled in the reservoir by the steel tube on the left side. The sample is screwed on the

bottom of the holder. Right: the evaporation machine with the possibility to separate the

sample from the chamber by a valve, to heat and to oxidize the sample in the load lock.

4.1.2.1 Dependence of the aluminum surface roughness on substrate and

evaporation rate

Different evaporation tests are performed to find the best parameters for the growth of

the aluminum/aluminum oxide layer with the new sample holder. First, the influence of

the substrate and the evaporation rate to the layer roughness of aluminum is tested. It is

important for the growth of the Al2O3 that the aluminum layer is very smooth. A smooth

layer surface indicates a more stable oxide layer and the reliable e-beam lithography on

top of the layer (see section 4.2). Pieces of the SiO2/Si substrate are mounted on the

sample holder and evaporated with 25 nm of aluminum using different rates. In the

second test, a 3 nm thin layer of titanium is evaporated before the aluminum layer. For

the growth of gold on SiO2 it is important to evaporate firstly titanium as sticking layer

on the substrate. Here, the idea is to check if the growth starting with a thin Ti layer

makes the Al smoother. The roughness of the samples is measured with an atomic force
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microscope (AFM). Scans over an area of 10 µm2 with a resolution of 128 x 128 pixel

were performed and the arithmetic mean deviation and the root mean square deviation

(RMSD) of the surface height is calculated with the AFM software. The results are

displayed in figure 4.4 a). For rates below 0.2 nm/s the electron gun for the evaporation

is running unstable. This fact leads to a very irregular metal deposition and a rough

surface structure. For higher rates, the roughness decreases and the difference between

the layer with titanium and without is very low. This shows that the titanium sticking

layer has very small influence to the surface roughness of the aluminum.

a) b)
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Figure 4.4: a) Dependence of the surface roughness on the evaporation rate and the sub-

strate. The root mean square deviation (RMSD) of a 10 x 10 µm big area is measured

with an AFM. Low evaporation rates of aluminum show high roughness which is a sign

for an unstable evaporation. For rates above 0.2 nm/s, the aluminum and the aluminum

with a 3 nm titanium layer below show marginal differences. b) Dependence of the surface

roughness on the evaporation rate before and after plasma oxidation. With one exception,

the surface is smoother after an additional step of plasma oxidation.

4.1.2.2 Dependence of the aluminum oxide roughness with and without plasma

oxidation

Knechten et al. report that plasma oxidation gives thicker and more stable Al2O3 layers

[48]. To see its influence, the surface of the Al2O3 layer is investigated before and after

plasma oxidation. The aluminum is grown under liquid nitrogen temperature with differ-

ent evaporation rates (higher than 0.2 nm/s) and thermally oxidized in the load lock for

30 minutes under pure oxygen with pressure of 100 mbar. Then, the surface is inspected

with the AFM as described above. After that, the samples are oxidized in a plasma asher

for 8 minutes at 1 mbar oxygen pressure and with a power of 200 W. The results are illus-

trated in figure 4.4 b). Most of the RMSD values are smaller after the additional plasma

oxidation, hence the surface of the oxide is smoother. The difficulty of the comparison of
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the measurement before and after plasma oxidation is that the area which is scanned with

the AFM is not exactly the same. A second issue is that the sample can be contaminated

by the AFM measurement and during the transfer out of the clean room. This can be

the reasons of the high RMSD value for a rate of 0.22 nm/s.

4.1.2.3 Dependence of the aluminum oxide roughness on the power of the

plasma oxidation

Furthermore, the influence of the plasma power on the aluminum oxide roughness is

tested. With the available PICO plasma asher the power is tunable from 0 to 200 W.

Two samples are oxidized at 50, 100, 150 and 200 W respectively at 1 mbar pressure for

10 minutes. The roughness is measured with an AFM as described above. The RMSD

is shown in figure 4.5 a). For a plasma power of 100 W, the oxide roughness is smaller

than 1 nm and similar for both samples. With this result and the conclusions of the

experiments described above, the following process is proposed for the Al2O3 gate layer:

• evaporation of 25 nm aluminum at liquid nitrogen temperature with rate of 0.43 nm/s

at a pressure of 10−6 mbar,

• slowly warming up the sample to room temperature,

• filling of the load lock with pure oxygen at a pressure of 100 mbar for 30 minutes

• plasma treatment at 1 mbar and a power of 100 W for 10 minutes.

4.1.2.4 Leakage current through the gate oxide

On 50 structures the gate leakage current is measured in a cold probe station at 15 K.

A DC-voltage measurement in 3-point configuration (two needles to measure the voltage

drop over the nanoconstriction and one needle to apply the gate voltage), with a large

series resistor to determine the current, is performed. The results are shown in figure 4.5

b). Most of the gate structures show resistances of more than 30 GΩ for a gate voltage

sweep from -2 to 2 V. The leakage current is below 5 pA. The measurements are performed

on a test sample after electromigration (see chapter 5). During electromigration, the

sample is exposed to immense thermal stress. This can lift the gold structure off the

Al2O3 layer and further destroy the nanoconstriction. Also, defects in the oxide layer can

lead to leakage currents.

4.1.2.5 Fabrication process for the aluminum oxide gate

For the aluminum evaporation at liquid nitrogen temperature not all resists are suitable.

In chapter 3 and in appendix A.1 a list of all tested resists is shown. Some of the resists
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Figure 4.5: a) Dependence of the surface roughness to the plasma power. All sample are

evaporated with a rate of 0.43 nm/s. The test is performed twice to check the reliability

of the results. For 100 Watt, the RMSD is smaller than 1 nm. b) Leakage current

measurement: The leakage current for 50 gate structures is measured over a gate voltage

range from -2 to 2 V. 80 percent of the structures show a leakage current below 5 pA.

are cracking due to the cooling process (see fig. 3.6). In this case, the lift-off process is

not possible anymore because the evaporated metal can penetrate into this cracks. For

the aluminum gate, the photoresist AR-U 4060 is chosen [49]. This resist is suitable for

cold evaporation and not damaged at liquid nitrogen temperature. It is a photoresist

which is normally used for negative processes (image reversal resist), but it can also be

applied in positive processes. The resist is spun for 40 s at 5000 rpm onto the substrate

and baked for 2 min at 94 ◦C on a hotplate. The structures are carefully aligned with

the alignment marks using maximal microscope magnification of the UV mask aligner.

Then, the sample is illuminated in hard contact mode. The development is done with

Allresist developer AR 300-26 and carefully rinsed with water and blown dry. The process

parameters are described in detail in Appendix C.3. After this, 25 nm of aluminum are

evaporated at moderate rates of about 0.43 nm/s at 77 K. Too slow and too fast evap-

oration rates yields in higher surface roughness. After evaporation, the sample is slowly

warmed up to room temperature in the load-lock. Then, the load-lock is flooded with

pure oxygen to a pressure of around 100 mbar for 10 to 30 minutes. Afterwards, the

sample is transfered to the plasma asher and oxidized for 10 minutes in 100 W oxygen

plasma at 1 mbar. The used photoresist AR-U 4060 is stable to the plasma for this time.

After plasma oxidation the lift-off is done in acetone at 50 ◦C. A short sonication pulse is

applied to avoid sidewalls on the gate electrodes. With these parameters, it was possible

to get a very smooth surface. Atomic force microscope measurements on this samples

showed a surface roughness of around 1 nm. For further treatment it is important to use

no chemicals which are etching or attacking the thin aluminum oxide layer on top of the
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gate structure (for example developers for optical resists, HF, etc.). The aluminum gate

structure is shown in figure 4.2 b).
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4.2 Electron-beam lithography

The nanoconstrictions in which the gaps for the molecules are formed by electromigra-

tion are created by electron-beam lithography. Two different designs are tested: shadow

evaporation under a resist bridge and direct writing of narrow lines. For the following

electromigration it is very important that the constrictions are pure gold, very thin and

small to provide conditions for controlled electormigration. The reasons are discussed in

detail in chapter 5.

4.2.1 Sample preparation

After all optical lithography steps, the sample is cleaned in the plasma asher for 10 minutes

at 100 W. This removes all process chemicals from the UVL.

Due to the inadequate precision of the alignment of the two steps of optical lithography,

the positions of the aluminum oxide gate structures are slightly varied over the sample.

Therefore it is not possible to align the EBL and the photolithography part without a few

µm shift between the gold and aluminum oxide structures. In Figure 4.7 the misalignment

is shown. The misalignment is defined by the difference between the to distances d1 and

d2. Hence different files with slightly changed distances, adjusted to the real electrode

locations, are used. First the results after the two photolithography steps are checked in

the SEM at 5 kV in the In-Lens-detector mode. This correction is introduced into the

design files of the structures in Elphy.

4.2.2 Shadow evaporation

A common method to create nanoconstrictions for electromigration is shadow evaporation

[50], [51], [46]. A bilayer resist system is used to create resist bridges. Two resists with

different sensitivities and contrast are applied. Normally, double-layer resist systems are

used to achieve a reliably working lift-off process (see section 3.2.3). The top layer (image

layer) gives the exact geometry of the structure. Therefore, a resist with high contrast,

that means a very sharp change from exposed to unexposed area, is used. The bottom

layer is a resist with lower contrast, but higher sensitivity to produce an undercut for a

good lift-off. For resists with higher sensitivity, less exposure energy (electron dose) is

needed. Additionally, by backscattering of the electron beam from the substrate, a wider

area of the sensitive bottom resist layer is exposed and gives, after the development,

an undercut in respect to the top layer of resist. This undercut after exposure and

development is shown in figure 4.7.

To create a resist bridge, a bottom layer resist with a very high sensitivity is needed.

PMMA/MAs have a three to four times higher sensitivity than common PMMA resists

[37]. Figure 4.7 shows a structure with the bilayer resist system after development. It

is clearly visible that the bottom layer is much more sensitive and a much bigger area
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Gate

Ground

Biascontacts

Nanoconstrictions

Figure 4.6: SEM image of the inner part of one structure. The gate and the ground

electrodes are visible. The nanoconstrictions are in the middle on the gate.

developed area
of the bottom layer

developed area
of the top layerd1 d2

Figure 4.7: Structure after exposure and development. The darker region of the exposed

structure marks the shape of the top layer resist. The brighter edges of the structures indi-

cate the developed area of the bottom layer. An undercut of several hundreds of nanometers

is created by this bilayer resist system. The distances d1 and d2 show the misalignment

between the two steps of photolithography (explained in section 4.2.1). The white scale bar

corresponds to 10 µm.
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is affected by the electron beam exposure and electron backscattering. The undercut is

around 300 nm. This is enough to create a resist bridge with of 100 nm width.

In figure 4.8 the complete process is schematically shown. First, a double-layer resist

Aluminium
AlOx

PMMA/MA

PMMA

Aluminium
AlOx

Aluminium
AlOx
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development

Aluminium
AlOx

titanium deposition 90°

Aluminium
AlOx
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gold deposition 15°
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AlOx

-15°

gold deposition -15°

Aluminium
AlOx

gold deposition 90°

Aluminium
AlOx

lift-off

a) b) c)

d) e) f)

g) h)

l1 l2
b

Figure 4.8: Schematics of the shadow evaporation process. a) A bilayer resist is spun

onto the substrate. b ) and c) Exposure and development of the exposed area. In the

bottom layer, an undercut is created. It has to be considered that the length of the exposed

structures l1 and l2 are more than 10 µm. The length b of the resist bridge is only 100

nm. The structure is zoomed in horizontal direction for better understanding and easier

drawing. From d) to g) the subsequent evaporation steps are shown. First a sticking layer

of titanium is evaporated, followed by the angle evaporation of the nanoconstriction and

the deposition of 100 nm gold to connect the EBL structures with the ones created by

optical lithography. h) shows the finished nanostructure after lift-off.

system with Allresist PMMA/MA 33 % (AR-P 617 S1 (8%) as bottom layer is spin-coated

at 6000 rpm for 40 s and baked at 210 ◦C for 60 minutes. This resist has a layer thickness

of 395 nm for these spin-coating parameters (see figure 3.2). As a top layer, PMMA AR-

P 679 (950 K, 3 %) is spin-coated at 6000 rpm for 40 s and baked at 180 ◦C for 60 minutes.
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This top layer resist requires a much higher area beam dose than the bottom layer. The

area beam dose is determined by dose tests for the 100 nm wide and 100 nm separated

structures. Structures which are 100 nm or smaller are exposed with an electron-beam

energy of 30 keV using a 30 µm aperature with an area dose of 1050 µC/cm2. For bigger

structures, an area dose of 500 µC/cm2 is adequate. After the exposure, the development

in isopropanol with a temperature of 25 ◦C for one minute is done. This is followed by a

dip of some seconds in a sonicator. Then, the sample is rinsed for one minute in water.

A resist brigde as shown in Figure 4.8 c) is formed.

The most critical step in the process is the shadow evaporation itself. The angles for the

a b

width b of the
resist bridge

resist thickness t1 resist thickness t1

resist thickness t2 resist thickness t2

evaporation angles
evaporation anglesa b

width b of the
resist bridge

a) b)

width n of the nangap

Figure 4.9: Schematics of the angle calculation: a) Calculation of the angles α and β for

overlapping structure suitable for electromigration. b) Calculation of the angles α and β

for nanocontacts n with a separation.

shadow evaporated
nanoconstriction

Figure 4.10: a) Nanoconstriction after shadow evaporation. The brighter structure is

the exposed image and for the stability 130 nm thick. Clearly visible is the shadow of the

structure, which is overlapping in the middle. The shadow evaporation is pure gold around

8 nm thick. b) Side view of the nanoconstriction: In the middle of the gate the thinner

part created through the shadow evaporation is visible. The outer connection lines have to

be thicker than the gate to be not interrupted by the roughness of the bottom surface.
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evaporation are calculated by geometric considerations (see figure 4.9 a)). With equation

4.1 the evaporation angles α and β depend on the thickness of the bottom layer resist t2
and the width of the resist bridge b:

α = β = arctan
b

2t2
(4.1)

For a resist bridge with a width of 100 nm and a thickness of the bottom resist layer of

400 nm, an evaporation angle of 7.2◦ from each side gives a contact. To have an complete,

guaranteed overlap from both sides an angle of 15◦ is used, because it is difficult to set

a precise angle at the evaporation machine. Also, it is very important that the sample is

mounted in the correct angle on the sample holder. The first three evaporation steps are

done in the upper evaporation chamber of the electron-beam evaporator. There the sam-

ple is one meter away from the metal-source and the electron-gun used to evaporate the

metal and thus, it is not affected by heating. Furthermore, the control over the deposition

rate is more reliable in this position. First, the sample plane is kept perpendicular to the

evaporated metal source. About 2 nm of titanium are deposited at a rate of 0.03 nm/s.

This layer serves as sticking layer for the gold leads which are connecting the high reso-

lution structures made by EBL to the optical lithography structures. It is important for

subsequent electromigration that there is no titanium deposited under the resist bridge

(figure 4.8 d)). Then, the manipulator is tilt to an angle of about 15 ◦ and 8 nm of

gold are evaporated at a rate of 0.045 nm/s. The material is now deposited under the

resist bridge. The process is repeated for -15◦. An overlap of the thin gold layers under

the resist bridge is created (figure 4.8 e) and f). The overlap has a thickness of about

16 nm and a width of about 50 nm. This is now the predetermined breaking point for

the electromigration process. For the last evaporation step,the sample is mounted in the

lower position of the machine. There, due to the shorter distance, the evaporation is 6.66

times faster. The sample is mounted in a perpendicular position and 100 nm gold are

evaporated with a rate of 0.5 nm/s to connect the nanoconstriction with the contact pads

(figure 4.8 g). After metal deposition the lift-off process is done in 50◦C acetone for several

hours. Figure 4.10 shows the top and the side view of an overlapping nanoconstriction

before electromigration.

Furthermore, shadow evaporation gives the facility to create a nanogap n directly, with-

out electromigration. This technology gives the possibility to structure big molecules

(≥ 10 nm) which are already deposited on the wafer. This could be interesting for

graphene molecules or discs [5]. In figure 4.9 b) the geometric reflection for the evap-

oration of nanocontacts with a separation n is shown. Equation 4.1 is modified to 4.2:

α = β = arctan
b− n

2t2
(4.2)

The size of the nanogap depends on the width of the resist bridge, the evaporation angles

and the resist thickness. The resist thickness can be considered as stable. The width of
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the resist bridge is determined by dose tests. The adjustment of the evaporation angles is

crucial. It can be done with an accuracy of ± 5 ◦. For the e-beam lithography a double-

layer resist system with the resist PMMA 50 k (bottom layer, 90 nm thick) and PMMA

950 k is applied. The PMMA 50 k (AR-P 639.04) is spin-coated at 3000 rpm for 40 s

and baked at 200 ◦C for 60 minutes. The top layer resist (AP-R 679.03) is spin-coated at

5000 rpm for 40 s and baked at 160 ◦C for 60 minutes. The process parameters for the

exposure and development correspond to the parameters mentioned above and in table C.5

of the Appendix. Table 4.1 shows the variation of exposure and evaporation parameters

for three different samples. The width n between the nanocontacts is measured with the

SEM. It is possible to create nanogaps by shadow evaporation with sizes between 5 and

50 nm. The dose for the e-beam exposure is determined by dose tests and it is the most

important parameter of the sample fabrication. Reproducible results are obtained for

small resist bridges with a width smaller than 50 nm. An 11 nm sized gap is shown in

figure 4.11.

width b evaporation angle thickness width n

of the resist bridge of the gold layer of the gold layer of the nanogap

in nm in ◦ in nm in nm

100 ± (30 ± 5) 10 65 - 100

50 ± (30 ± 5) 10 33 - 14, connection

20 ± (30 ± 5) 10 25 - 11, connection

100 ± (20 ± 5) 10 90 - 100

50 ± (20 ± 5) 10 30 - 40

40 ± (20 ± 5) 10 17 - 20

30 ± (20 ± 5) 10 13 - 20, connection

20 ± (20 ± 5) 10 connection

10 ± (20 ± 5) 10 connection

20 ± (20 ± 5) 7 <3 - 10, connection

10 ± (20 ± 5) 7 5 - 40, connection

Table 4.1: Results of the shadow evaporation by variations of the different exposure

and evaporation parameters. The error of the evaporation angle is estimated by practical

experience. The different width of the nanocontacts for the same evaporation parameters

depend on the position of the structure on the sample and the exposure dose which is

varied.

4.2.3 Lines

A second possibility for the geometry of the nanoconstrictions is to write a small line

which gives the predetermined breaking point for the electromigration. The width of the

lines is 30 nm or less. For the reasons discussed in chapter 3.3.2, the width is not defined
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Figure 4.11: Shadow evaporated nanocontact: the shadow evaporation is done only from

the right side. The width n of the contact is 11 nm.
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as single pixel lines. Dose test showed that a width of 30 nm is reliable to write over an

area of 1 cm2. For this geometry a second EBL step is inevitable. After the first process

step, the writing of the lines in the middle of the gate structure, at the second step the

lines have to be connected to the contact pads created by UVL.

For the first step the resist PMMA AP-R 679 (950 K, 3 %) is spin-coated at 6000 rpm for

40 s and baked at 180 ◦C for 60 minutes. The exposure is performed with an acceleration

voltage of 30 keV. The aperature of 10 µm is chosen and a step size of 2.5 nm selected.

The dose for the 30 nm wide nanoconstriction was determinded by dose tests. The exact

values are presented in the Appendix C. The focus and the stigmation are adjusted at a

magnification of 150000. This is important for the small structures. After the exposure

the development is done in isopropanol for 60 seconds. For the evaporation the upper

chamber is chosen. 10 nm of pure gold are evaporated with a rate of 0.045 nm/s. The

lift-off is done in acetone at 50 ◦C.

For the second EBL step to connect the nanoconstriction with the UVL part the recipe

of the shadow evaporation is used. This bilayer resist system has a very big undercut and

is suitable for a working lift off process. The exact recipe is listed in Appendix C.6.

The advantage of this geometry is that the evaporation of the gold is perpendicular

Figure 4.12: a)SEM picture of a 20 nm wide line. b) Sideview of the line.

and so no mistakes can happen during the evaporation. Furthermore, the width of the

nanoconstriction can be changed and the thickness is defined by the evaporation and not

from the overlap of the shadows. However, the disadvantage is the second step of EBL,

which takes another 3 hours for one sample with 1400 nanoconstrictions.
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4.3 Molecule deposition

Different molecules are measured during the work of this thesis. The molecules are usually

delivered in highly purified crystal form and are stored in a dry, non-corrosive environ-

ment. For deposition, the molecules are dissolved in adequate solvents. The solvent must

be able to solve the molecule and its vapor pressure should be low enough that it does not

evaporate fast at room temperature. Possible solvents are dichloromethane, chloroform,

toluene and tetrahydrofuran. For its handling toluene is chosen for our solutions. Solu-

tions with different concentrations are prepared (0.1 mmol - 0.1 mol). The concentrations

for the different molecules measured in this thesis is given in chapter 6. To dissolve the

molecules completely in the solvent and to avoid clustering of the molecules the solution

is treated for several hours in a sonicator at 50 ◦C. Then, the solution is kept for several

days in a refrigerator at 5 ◦C. The molecular clusters can sink down whereas the small

molecules stay in the upper part of the solution.

The molecules can be applied on the sample before or after the electromigration. For

measurements in the probe station both is possible but for measurements in the cryostat

it is easier to do it before mounting the sample. To bring the molecules on the sample,

a droplet of the solution is pipetted over the structures and after a few seconds blown

away with nitrogen gas. This process is repeated several times to increase the chance that

molecules bind on the sample surface. The samples is than glued into a chip carrier and

bonded. The gold contact pads are bonded with gold wire. The Al2O3 gate is bonded with

aluminum wire, gold wires are not sticking on aluminum oxide surface. After bonding,

the sample is mounted into the cryostat as fast as possible to avoid contamination from

the environment.



Chapter 5

Electromigration

Various possibilities exist to create molecular junctions. These include mechanical break-

ing technique [52], electrochemical deposition [53], lithographic structuring (chapter 3 and

4) and electromigration [50]. In this thesis all gaps used for single-molecule measurements

are fabricated by electromigration (EM). Electromigration is forced atomic diffusion due

to high electric fields and high electric current densities [54], [55]. At very high current

densities (105 to 106 A
cm2 ) the conduction electrons can transmit momentum to the atom

cores in the lattice, through impacts at defects and grain boundaries [56]. This fact leads

to a motion of the atoms in current direction, to a material transport in the conductor

and finally to an interruption or a gap in itself. It is known as one of the most common

defects in integrated circuits since the early sixties [54]. At this time scientist started

to investigate the mechanisms of electromigration to limit the destruction of integrated

circuits. The theoretical basics to explain the EM were postulated by James Black and

Ilan Blech in the sixties and seventies [54], [55]. In 1999 H. Park started to use controlled

electromigration to form nanogaps in thin gold nanowires for single-molecule transport

[50]. It is possible to create nanometer spaced electrodes with this technique. Another

method for the EM with controlled feed back loops at room temperature was published

in 2005 [51]. In this thesis both technologies are tested in a cold probe station at 15 K.

The results are discussed in section 5.3. First a theoretical approach to the mechanism of

the EM is given in section 5.1. In section 5.2 the explored algorithms are described.

61
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5.1 Electromigration mechanism

The first theoretical descriptions for the explanation of electromigration were done by

James Black and Ilan Blech in the sixties and seventies [54], [55]. They investigated the

electromigration phenomenon in thin aluminum films used at this time in the fabrication

of semiconductor devices. Here a short microscopic description based on the investigations

of Black and Blech is given to understand the process of EM. A detailed description of

EM was given by Lloyd in a review [57]. The theoretical approach is reported by Sorbello

[58].

In a metallic conductor a high electric DC current can cause a mass flux of metallic atoms.

This process is called electromigration and based on atomic diffusion. The metal atoms

are kept together in the metal lattice due to their valence electrons. At the same time

acts a repulsive force between the positive charged lattice atom cores. That means that

the atom cores are situated in a potential well, in which they can thermally oscillate.

The kinetic energy of the ions in a material is statistically distributed and follows the

Boltzmann distribution (see figure 5.1).

Corresponding to this distribution a particular percentage of the atoms has a kinetic

E

n

EkT EA

e
-EA

kT

Figure 5.1: Boltzmann distribution

energy with a value higher than the activation energy. This part of the atoms has a high

enough kinetic energy to change its lattice position. The part p of atoms with energies

higher than EA is described by the equation of the Boltzmann distribution:

p = exp(−
EA

kT
) (5.1)

with k is the Boltzmann constant and T as absolute temperature. In figure 5.1 this part

of the atoms is illustrated by the dark area under the curve. Atoms in this region are
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able to diffuse or to fall back into the potential well. The diffusive process of atoms in

their lattice is called self-diffusion and is an isotropic, temperature dependent, statistical

process which will not cause a net mass flux if there does not exist a concentration or

chemical gradient. Other sources for electron scattering than thermally excited lattice

ions are defects in the lattice like grain boundaries, surfaces and vacancies. These defects

are more important for electromigration. For atomic diffusion a pathway, which can be

given through these defects, is inevitable. Atomic diffusion is a random process without

a defined direction. The application of an external electric field to the material causes an

electron flow. The directed conducting electrons scatter at the atomic defects and a net

flow of matter in the direction of the current is caused. Figure 5.2 shows the forces acting

onto the atoms in the metal lattice.

The process of electromigration is traditionally described by the use of an electrostatic

+ + + +

+ + +

+ + +

+ + +

+
Fe

Fp

e E

Figure 5.2: Schematic drawing of the forces onto the metal ions caused by the electric field

and through the flow of the conduction electrons.

analogue [57]. Two forces act onto the metal atoms: the electrostatic force ~Fe due to

an external electrical field ~E and the force ~Fp due to the momentum exchange between

flowing charge carriers and the atom cores. The resultant force is

~F = ~Fe + ~Fp (5.2)

This driving force, also called electron wind force, can be expressed by

~F = Z∗e ~E (5.3)
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where Z∗ is the effective charge number, e is the elementary charge and ~E is the electric

field. The electric field ~E can be expressed by

~E = ρ~j (5.4)

with ρ the metal resistivity and ~j the current density of the electrical conductor. The

effective charge number Z∗ is divided into an electrostatic part Zel and a wind part Zw as

Z∗ = Zel + Zw (5.5)

and has been expressed by Huntington [59] as

Z∗ =
1

2

(

ρdN

ρNd

)

m∗

|m∗|
(5.6)

where ρd is the specific defect resistivity, N is the density of conduction electrons, ρ is

the metal resistivity, Nd is the defect density and m∗ is the effective mass of the electron

near the Fermi surface taking part in the momentum exchange. F in equation 5.3 can be

positive or negative depending on the sign of the effective mass of the charge carriers m∗.

The Einstein relation for diffusion in a potential field and the electrostatic analogue of

equation 5.3 gives the drift velocity vem of metal atoms due to the electromigration force

vem =
DF

kT
=

DZ∗eρj

kT
. (5.7)

The diffusion coefficient D is defined as a product of the diffusion constant D0 with the

part p of the atoms, which have energies higher than the activation energy EA

D = D0exp(−
EA

kT
). (5.8)

From equation 5.7 follows that the mass flux is directly proportional to the current density

and to the diffusion constant. The drift velocity vem is a function of the diffusion pathway

and the temperature dependent activation energy EA of the diffusion mechanism. For a

mass flux density ~J due to the above described mechanisms, follows

~J =
NeZ∗ρ~j

kT
D0exp(−

EA

kT
) (5.9)
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where N is the density of metallic ions.

Furthermore, the mass transport depends on the sum of the chemical potentials that act

on the diffusing metal atoms. For qualitative observations, the concentration gradient

of vacancies is the most important chemical potential for atomic transport. More about

other potentials, like stress gradient, can be found in [57]. In absence of stress gradients,

the mass flux is the sum of the chemical potentials due to the concentration gradient and

the electromigration driving force (see equation 5.9)

J = D

(

∂c

∂x
−

Z∗eρj

kT
c

)

(5.10)

where c is the vacancy concentration [57]. From equation 5.10 it follows that electromi-

gration will only cause a gap if there is a divergence in the vacancy flux somewhere within

the nanoconstriction, that allows the formation of extrusions. Otherwise the gold atoms

will be transported from one gold contact pad to the other one [60]. A directed vacancy

flux can be created through gradients in the temperature and in the grain structure or by

material gradients.

For the devices in this thesis all three gradients lead to the formation of the nanogaps.

The design of the nanoconstrictions defines directly a gradient in material and in the

grain structure. The thickness of the gold in the shadow evaporated nanoconstrictions is

between 10 and 16 nm, compared to the 100 nm of the leads. Figure 4.10 b) in section

4.2.2 shows the difference in height. Furthermore the geometry of the structure is nar-

rowed in its center to have a predetermined breaking point. The use of pure gold for the

nanoconstriction without the titanium sticking layer on top of the aluminum oxide gate,

avoids the diffusion between this two materials. The same arguments go for the narrow

lines in section 4.2.3.
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5.2 Electromigration algorithm

The use of electromigration to fabricate metallic electrodes with nanometer separation

was first reported by Park in 1999 [50]. He fabricated the nanoconstrictions by shadow

evaporation (see section 4.2.2). The gap formation was done by controlled passage of cur-

rent through the nanoconstriction. The bias voltage was ramped through a 100 Ω series

resistor with a rate of 300 mV/s. The voltage drop across a nanowire was monitored in

a four-probe configuration. The conductance of the nanowire was calculated and moni-

tored during the breaking process. The electromigration was performed at liquid-helium

temperature. Park claimed in his paper that the gap size achieved with this algorithm

was about 1 nm. The final tunnel resistance of the constrictions measured after EM was

between 105 and 1011 Ω1.

In 2005, Strachan et al. reported about the fabrication of nanogaps in ambient envi-

ronment by a controlled feedback loop [51]. They fabricated the nanostructures also by

electron-beam lithography and shadow evaporation. The electromigration is performed

by a succession of voltage ramps while monitoring the current and the conductance. The

conductance is initially measured for comparisons during the following voltage ramps.

When the conductance decreases by a certain threshold percentage (from 1 - 150 %) the

voltage is ramped down to arrest the breaking of the nanowire. The ramping procedure

is then repeated with a higher threshold to form slowly the nanogap. The formation of a

nanogap, with a resistance of about 10 GΩ using this method, takes between one and two

hours. Faster EM due to higher thresholds degrades the reproducibility of the process2.

These first nanogaps produced by electromigration were structured on Si/SiO2 substrates.

In later experiments the nanoconstrictions were structured on a local Al/Al2O3 gate elec-

trodes [44], [46]. The EM algorithms used in these publications were also active feedback

loops, comparable to [51]. The goal in this thesis was to have a high yield of nanogaps.

Different algorithms are investigated to find the optimal electromigration parameters. The

first tests are performed on a probe station with four probes at room temperature. The

measurement setup was equipped with a 16-bit voltage output card 6208V from Adlink

as voltage source and nanovoltmeters 34420A from Agilent for the voltage measurement.

The measurements were controlled by a LabView program. The reaction time of the

setup was in the range of milliseconds. The yield of gaps smaller than 10 nm was about

60 % of the structures, but only 5 % were smaller than 5 nm [61]. This yield was not

suitable for the measurements of single-molecules in a dilution refridgerator. The most

critical parameter for the control of the EM is the reaction time to stop the voltage ramp.

An ADwin-light-16 system is specified for real time measurements and suitable for the

control of electromigration. The ADwin system is optimized for short process cycle times

1This is a summarised description of the process and the results of the paper from Park [50]
2The description of this process is a summarisation of the results of the paper from Strachan [51]
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in a range of microseconds. It is especially designed for real time measurements. The

ADwin box has its own signal processor with a reaction time of 300 ns included [62]. An

integrated timer allows a time resolution of 25 ns. The ADwin system performs mea-

surements independent of the computer but is in continuous data exchange via USB with

it. The measurement programs for the ADwin are written in a BASIC syntax, ADbasic,

compiled and loaded onto the ADwin box. The communication between ADwin and the

PC is performed by an ActiveX interface as a part of a LabView library. The electrical

circuit used for the electromigration is illustrated in figure 5.3.

ADC01 + ADC01-

sample

Rs

ADC03 +

ADC03 -

DAC01

s

Figure 5.3: Electromigration circuit diagram: The voltage is applied to a reference resistor

in series with the nanoconstriction indicated by a second resistor (sample) in the circuitry.

The voltage source is the analogue voltage output of the ADwin card (DAC01). The voltage

drops over the sample and over the reference resistor are measured by the differential inputs

(ADC01 and ADC03) of the ADwin card. The card is controlled by a PC.

Furthermore the ADwin-light-16 system has two analogue voltage outputs (DAC) and

eight analogue input channels. The analogue inputs (ADC) work differentially and are

handled by a single multiplexer. The time limitation of the system is given by the maxi-

mum settling time of 6.55 µs for a maximum voltage of 20 V and the A/D sampling rate.

The 16-bit A/D converters have a resolution of 305.175 µV, if the whole range of 20 V is

used. The sampling rates are determined by a conversion time of 10 µs. The disadvan-

tage of the system is its low input resistance of 30 kΩ. In this thesis the ADwin-light-16

system is only used for the electromigration process. The single-molecule measurements

are done with common log-in amplifiers. More details about the Adwin-light-16 system

are described in [62].

The circuit for the electromigration is given in figure 5.3. For the current measure-

ments a reference resistor is wired in series with the sample. The total resistance of the

measurement circuit should be between 10 and 500 Ω. For the use of a cryostat inset

with a high lead resistance (≈ 500 Ω), a small series resistor (10 Ω) has to be used. The

voltage is applied by the ADwin-light-16 system. The voltage drop over reference resistor



68 5. Electromigration

and sample are read out by the ADwin box. The program is designed for a feedback

loop. An example process for the electromigration is shown in figure 5.4. First the initial

resistance of the sample is determined. Then the voltage is ramped up and the sample

resistance is measured. If the resistance is in a certain interval, electromigration is at-

tempted. The voltage is ramped up at a given sweep rate and the resistance of the sample

is measured. As soon as the resistance of the structure has changed a certain percentage,

the applied voltage is immediately reduced. Than the voltage is ramped up again. This

cycle is repeated until the voltage or the resistance reaches the termination point for the

electromigration conditions.

The following parameters for the electromigration can be controlled by the user:

• the minimal and maximal resistance for the electromigration to be attempted in Ω,

• the sweep rate for the ramped up voltage in V/s,

• the resistance change per ramping cycle in %,

• the voltage to ramp back during one cycle in %,

• the terminating voltage in V,

• the terminating resistance in Ω.

The program gives the possibility to perform the electromigration by the above mentioned

active feedback loop. Furthermore it is possible to set the resistance change per ramping

cycle to very high values (1000 % or even higher). In this case the voltage is ramped up to

the terminating value and the process stopped by this criterium or when the terminating

resistance is achieved. The EM is than performed only by ramping the voltage up to

the breaking of the nanoconstriction and not by the active feedback loop. A printed and

completely commented version of the program is given in [40].
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Figure 5.4: Electromigration cycle: The initial resistance is measured. Then the voltage

is ramped up until the resistance changes certain percentage or value (here 20 kΩ). The

voltage is ramped down to a user defined fraction and up again. The cycle is repeated

until the voltage or the resistance reaches a certain defined terminating value (here 1 V).

The figure is adapted from [40].



70 5. Electromigration

5.3 Electromigration results

First, statistical electromigration tests are done to gain an understanding of the influence

of different parameters onto the electromigration process and on the gap size. The tests

are performed in a probe station3 with 4 probes. The probe station is a flow cryostat and

can be cooled down to 15 K by liquid helium. For the tests a sample with 700 shadow

evaporated nanoconstrictions is used. Due to lift-off problems and process errors in total

641 structures were suitable for EM. The measurements are performed at a temperature

below 50 K. Because of the amount of structures, several cooling cycles were necessary.

The electromigration program is divided in two parts: the determination of the initial

resistance of the sample and the active feedback loop. Figure 5.5 a) shows the initial

resistances for all nanoconstrictions on the test sample. The maximum of the histogram

is at about 88 Ω with a standard deviation of 23 Ω. The initial resistance gives an in-

dication of the gold thickness of the nanoconstriction. Ideally, the resistance should be

between 80 Ω and 200 Ω. Lower values indicate a very thick gold layer (more than 15 nm)

and are not suitable for electromigration. Previous tests showed that very high current

densities are needed to migrate low ohmic constrictions. Then, the EM process was dif-

ficult to control and melting of the nanoconstriction often occured or the local gate was

destroyed. Higher initial resistance values indicate an incomplete, thin layer or a very

rough and grainy surface. Here the difficulty was the total resistance of the circuit (series

resistor, wiring and sample). It was not possible to reach high enough current densities

for a controlled EM [61].

For the electromigration tests three parameters were varied: the percentage of resistance

change, the fraction of the voltage to which is ramped back and the final resistance to stop

the process (terminating resistance). For each set of parameters at least 14 constrictions

from one structure were tested. A typical EM process is shown in figure 5.5 b). Here,

a low series resistance (100 Ω) for the current determination is used. Several loops are

realised. The percentage of the resistance change is set to low values. The figure shows

the resistance development (black) and the bias voltage (red) over time. The fraction to

which the bias voltage is back ramped was 0.5 for this example. The final resistance was

set to 30 kΩ. Figure 5.5 b) shows the EM done with an active feedback loop process

according to Strachan et al. [51].

After the EM the sample was analysed in the SEM and the gap widths were measured

(at 10 keV with 30 µm aperture). With the available SEM it is not possible to resolve

structure sizes smaller than 5 nm. All unresolvable structures were considered to have

sizes between 0 and 5 nm. Further, the topology of the electromigrated nanoconstrictions

was difficult to determine. Figure 5.6 shows different structures after EM. It is visible

that the gap topology is different and unresolvable in detail. Schematic 5.7 shows side

views of possible topologies. The different gap topology made the measurement of the

gap size difficult. Furthermore, it had to be considered that the topology and the gap size

3desert cryogenics
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Figure 5.5: a) Distribution of the initial resistances measured before the electromigration.

b) Typical electromigration process. Several cycles are needed for the migration. The

development of the resistance (black) and the ramped bias voltage (red) are shown over

time. The figure is adapted from [40].

a) b)

Figure 5.6: Two nanoconstrictions after the electromigration.The gap sizes are smaller

than 5 nm. Due to the topology of the gaps it is difficult to determine the gap size by SEM

measurements.

Figure 5.7: Side view of possible topologies of the nanogaps after electromigration. The

arrows show the distance which is visible with the SEM in the top view and the measured

gap size.
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can change at room temperature. The values measured after the electromigration, give

only an upper limit for the real gap widths. However, the measurement of the gap size by

SEM can give an idea about the influence of the electromigration parameter variation.

Figure 5.8 a) shows a histogram of the measured gap sizes. For 17 constrictions, illus-

a) b)

0 2 4 6 8 10 12 14 16 18 20

0

5

10

15

20

25

c
o

u
n

ts

size of electromigrated gap [nm]

1,0 1,2 1,4 1,6 1,8 2,0 100

0,0

2,5

5,0

7,5

10,0

12,5

15,0

17,5

20,0

m
e

a
n

g
a

p
s
iz

e
[n

m
]

resistance change per ramping cycle

Figure 5.8: a) Distribution of the gap sizes after EM. b) Dependence of the mean gap

size from the factor of resistance change before ramping the voltage back. The figures are

adapted from [40].

trated in figure 5.8 a) with a gap size of 0 nm, the EM was not successful and they were

still connected. In total, 86 gaps were unresolvable by the SEM measurement and had a

width between 0 and 5 nm. Further, 2 gaps were bigger than 100 nm. The figure shows a

mean value of 7.8 nm for the gap size with a standard deviation of 5.2 nm. In the figure

the above mentioned unresolvable gaps were not included.

The dependence of the percentage of resistance change before ramping the voltage back

on the gap size is shown in figure 5.8 b). The factors of the resistance change at which

the voltage is ramped back were 1.05, 1.10, 1.15, 1.50, 2.00 and 100. For the lesser factors

a behavior like shown in figure 5.5 b) is observed. The factor 100 leads to only one ramp.

Therefore the bias voltage is ramped up to the breaking point of the nanoconstriction.

Low factors correspond to long cycle times. Strachan et al. reported that higher factors

and faster EM decrease the reproducibility of the process and often very big gaps are

formed [51]. This behavior was not observed during the tests. The mean value and the

standard deviation of the gap sizes in figure 5.8 a) do not show high variations. Only

the values for the factor 2.0 attract attention. The high standard deviation is due to the

fact, that a small number of nanoconstrictions was migrated with this parameter. The

smallest mean value and standard deviation is achieved for a factor of 1.5. This factor

gives also a reasonable time for the process.

Further, the fraction of the last voltage of one cycle, to which the bias voltage is ramped

back, is examined. Figure 5.9 a) shows that there is no clear dependence between this



5.3. Electromigration results 73

a) b)

0 25 50 9990 10000

0

2

4

6

8

10

12

14

16

18

20

m
e

a
n

g
a

p
s
iz

e
[n

m
]

break-off resistance [kW]

0,4 0,5 0,6 0,7 0,8 0,9 1,0

0

2

4

6

8

10

12

14

16

18

20

m
e

a
n

g
a

p
s
iz

e
[n

m
]

backramp fraction

Figure 5.9: a) Dependence of the mean gap size from the factor to which the voltage is

ramped back after a cycle. b) Dependence of the mean gap size from the terminating

resistance. The figures are adapted from [40].

fraction and the resulting gap size. In the last test, the end value of the resistance at

which the voltage ramp is interrupted and set to 0 V, is investigated. The electromigra-

tion stops not immediately after the voltage is taken away. The atoms with high energies

are still moving and the gap is formed. Figure 5.9 b) illustrates the dependence of the

break-off resistance and the gap size. The best results are obtained at 35 kΩ.

Electromigration in a dilution refrigerator at 4.2 K

Single-molecule measurements are performed at very low temperatures. Therefore the

measurements and the electromigration have to be done in a dilution refrigerator. Here,

in total 78 nanoconstrictions are migrated and from 28 of them, the gap sizes are mea-

sured. The breaking behavior of the nanoconstrictions at 4.2 K is different from that at

15 K. Figure 5.10 a) shows the electromigration from 11 structures where the voltage is

ramped up without loops. The initial resistance of the nanoconstrictions was between 70

and 140 Ω. The termination voltage is set to 2 V and the termination resistance is set

to 20 or 50 kΩ. The breaking voltage of every constriction is different, but most of the

gaps are smaller than 5 nm and suitable for single-molecule measurements. On the right

side of figure 5.10 an electromigration performed with the active feedback loop is shown.

Here only 5 ramps are needed to migrate the nanoconstriction. At 15 K normally more

than 20 ramps are necessary for the EM (see figure 5.5 b)). The inset shows the behavior

of the resistance for the first 4 ramps.

The initial resistance of the investigated nanoconstrictions is shown in figure 5.11 a).

The initial resistance of the constrictions is between 50 and 700 Ω. Most of the structures

have an initial resistance of about 100 Ω. The gap sizes of 28 structures are measured
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Figure 5.10: a) Electromigration of 11 nanoconstrictios by ramping up the bias voltage. b)

Electromigration on a nanoconstriction with the active feedback loop like described above.

The inset shows low ohmic behavior of the resistance and the voltage for the first 4 ramps

in detail. The resistance (black) changes at the end of the 4th ramp to 20 kΩ. The voltage

(red) is ramped up to a maximum voltage of 0.8 V.

a) b)

Figure 5.11: a) Histogram of the distribution of the initial resistance of 78 nanoconstric-

tions electromigrated in the dilution fridge. b) Histogram of the gap sizes of 28 nanocon-

strictions after the electromigration measured by SEM. The column at 3 nm shows the not

resolvable gaps, the column at 50 nm indicates the constrictions with bigger gaps melted

during the EM process.

like described above by SEM and the results are shown in figure 5.11 b). The column at

a gap size of 3 nm indicates all gaps that are not resolvable by SEM measurement. Most

of the gaps were smaller than 10 nm and suitable for single molecule measurements. The

column at 50 nm shows the gaps which were bigger than 50 nm. For these structures the

EM process was not successful and the nanoconstrictions are melted.

In the dilution fridge the following parameters of the electromigration are varied: the
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Figure 5.12: a) Dependence of the breaking voltage on the initial resistance of the nanocon-

strictions. For smaller initial resistance in the most cases a smaller breaking voltage is

needed. b) Dependence of the mean gap size from the break-off resistance. The smallest

gaps are obtained with a break-off resistance of 20 kΩ.

size of the reference resistor, the maximum resistance and the feedback mechanism itself,

between one ramp or several ramps. The initial resistance, the breaking voltage, the

breaking resistance and the gap size are investigated to find the best parameters for the

EM. The dependence of the breaking voltage from the initial resistance is shown in figure

5.12 a). For lower initial resistances the breaking voltage of the nanoconstriction is also

lower. This is consistent with the observations described above and signifies a working

EM process. Figure 5.12 b) shows the dependence of the mean gap size from the break-off

resistance for the electromigration process. The smallest mean gap size with a very low

standard deviation is at 20 kΩ. This value is smaller than for the electromigration at

15 K.

The reference resistor is varied between 10 Ω, 100 Ω, 333 Ω and 472 Ω. The structures

with a high initial resistance are migrated with a 10 Ω reference resistor in series to

keep the total resistance of the circuit small. The breaking voltage of these structures

is mostly above 1 V. The high breaking voltage is due to the high initial resistance, the

series resistance is not important in this case. Further some of the constrictions with

initial resistance of around 100 Ω are migrated with the 10 Ω series resistor. Here, the

breaking voltage is very small and in all cases under 0.40 V, but more than 10 ramps are

needed for the EM process and the gap sizes showed no peculiarities. For the other three

values of the reference resistor the behavior of the electromigration is similar. The break-

ing voltage shows no dependence from the series resistor, only from the initial resistance

of the nanoconstrictions. For most of the migrations between 3 and 6 voltage ramps are

needed. For the electromigration with only one ramp, like shown in figure 5.10 a), higher

breaking voltages are obtained than for the EM with more ramps. However, the gap sizes

are smaller with one voltage ramp than with more voltage ramps.
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One problem appeared for some of the structures during the electromigration. For a not

working electromigration (gap sizes ≥ 20 nm), it came sometimes to a massive heating

of the sample or a complete destruction of the nanoconstriction. Thereby the thin gate

oxide is destroyed and the gate is leaking after the EM. Then it is not possible for all

constrictions structured on this local gate to apply a gate voltage. To avoid this problem

in future it is advised to make the complete EM not before the measurements, but to

migrate one structure and the next after the measurements of the first are finished.

The electromigration at low temperatures shows a certain behavior visible in the SEM

a) b)

Figure 5.13: a) Nanoconstriction before the electromigration process. The uniformity of

the shadow evaporated structure is visible. b) Nanoconstriction after the electromigration

at 4.2 K. In the red circle on the left side the formation of harbors on the edges of the

shadow evaporated structure is visible. The red circle on the right side shows gold grains

formed due to the material transport by the EM.

pictures. Figure 5.13 shows a shadow evaporated nanoconstriction before and after elec-

tromigration. The shadow is very uniform in figure 5.13 a). The mass transport is visible

in image 5.13 b) which is taken after the EM. In the red circle on the left side it is visible

that a harbor like structure is formed on the edge of the shadow. The gap itself shows the

same structure. In the red circle on the right side small, a few nm sized gold grains are

visible. The thin shadow has vanished and only a few, very small, round grains remained.

This phenomenon is observed on all structures electromigrated at low temperatures.



Chapter 6

Measurement of single molecules

The interpretation of electrical measurements on three-terminal devices with molecules

applied, is always challenging. For nanogaps formed by electromigration it is further com-

plicated by to the possible formation of small gold grains in the gap (see chapter 5). These

gold grains can show conduction characteristics similar to the signals expected from the

molecules.

Furthermore it is not possible to characterise first the gaps after electromigration without

molecules applied. The sample has to be cooled down to base temperature and than to be

measured. For the application of the molecules the sample need to be warmed up to room

temperature and afterwards it has to be cooled down again. This reasonable sounding

procedure is not possible for the electromigrated samples, because the thin gold forming

the electrodes is not stable at room temperature and the gap size and its topology change

at temperatures above 200 K [4]. This chapter shows a way to perform consistency mea-

surements on well characterised C60 buckyballs.

First the measurement set-ups and the measurement technique is introduced. Followed

by a section about these measurements on C60 buckyballs. Their aim is to get informa-

tions about the reliability of the nanogaps created by electromigration. These tests are

performed at a cryogenic probe station at 15 K. First the nanogaps were characterised

directly after the electromigration to get informations about possible gold grains in the

gaps after the electromigration process (EM). Then the solvent toluene without molecules

is applied to the structures to check its possible influence onto the measurements. At last

the molecules are brought onto the nanogaps and measured at 15 K. Further measure-

ments of C60 molecules are performed in a dilution refrigerator at base temperature. The

next section describes the distinction between single-molecules and post electromigration

gold grains in the nanogap. Finally the measurements of pentaphenylene molecules with

different chain length are described and discussed.

77
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6.1 Measurement set-up

The measurements are performed with low frequency lock-in technique. Lock-in ampli-

fiers can be used to measure the differential conductance ∂I/∂V [63]. The simplified

measurement circuit is illustrated in figure 6.1.

The single-molecule transistor is depicted in the middle of the circuit as the wiring sym-

in
signal

out
ref

in
ref

in
signal

transformer

lock-in amplifier 1

lock-in amplifier 2

millivolt-
meter 1

millivolt-
meter 2

current
amplifier

DC
bias
voltage

DC
gate
voltage

sample

Figure 6.1: Measurement circuit diagram: The sample is shown with the symbol of a

transistor. The DC voltage for bias and gate is applied by a PCI- card. The AC voltage

is generated by one of the lock-in amplifier and added to the DC signal by a transformer.

To simplify the circuit, the voltage dividers and the pi-filters are not drawn.

bol of a transistor. A DC voltage is applied through a 16-bit analog voltage output card1

from the computer. The AC voltage signal is generated by one of the lock-in amplifier

and modulated onto the DC voltage by a transformer. This signal serves also as reference

signal for the second lock-in amplifier. The voltage drop over the sample is read-out by the

first lock-in amplifier, which in turn is read-out by a millivoltmeter. The current flowing

through the transistor is measured by a current amplifier2. The signal of this amplifier is

transfered to the second lock-in amplifier and also read-out with a millivoltmeter. Various

voltage dividers and pi-filters are implemented into the circuit to adjust the voltage and

to reduce the noise on the signals (not shown in figure 6.1).

1Adlink PCI-card 6208V, 16-bit, 8 analogue output channels, ± 10 V from Agilent
2Ithaco 1211 current pre-amplifier
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6.2 Measurements of C60 molecules

Figure 6.2: Chemical structure of a C60 buckyball molecule.

In the last years various experiments were performed on C60 based single-molecule

transistors (SMT). The Kondo effect in C60 SMTs was shown by Roch and Yu in 2008

[28], [33]. Various other tunnel effects on SMTs with C60 have also been reported. We

aim here to compare to this literature to confirm the presence of C60 in the gap. After

formation of the nanogap by electromigration, it is possible that gold grains, instead of a

single-molecule, are bound between the electrodes of the transistor and are responsible for

the tunneling current. To get a feeling of the difference of tunneling through gold grains

or clusters and C60 molecules, consistency measurements at 15 K were performed on a

cryogenic cold probe station. This measurement set-up allows the measurement of a large

number of samples without warming-up the sample chamber. The measurements at low

temperatures (below 4 K) are performed in a dilution refrigerator. There, the number of

nanoconstrictions is limited by wiring restriction to 14. The behavior of the C60 SMTs in

electric and magnetic fields is investigated for several samples at around 100 mK.

6.2.1 Consistency measurements at 15 K

Many of the consistency measurements were performed by Andreas Kempf and a more

detailed discussions about the set-up are reported in his bachelor thesis [64]. Here, the

focus lies on the summary and interpretation of his results and the comparison of these

results to further measurements performed in a dilution refrigerator at low temperatures.

The temperature during the measurements is kept between 15 and 20 K by regulation of

the liquid helium flow through the cooling system of the probe station. The probe station

is used because a big number of nanoconstrictons can be characterised without a sample

change. Further a sample change can be done in a few hours. For the consistency mea-

surements one sample with 700 structures is used. The electromigration is performed and

directly afterwards the nanoconstrictions are characterised by sweeps of the bias and gate

voltage. The differential conductance is measured with the set-up described in section
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6.1. To test for reproducibility all voltage sweeps are repeated three or four times.

The single-molecules are available in crystal form. For their application in transistors,

first they are diluted in a solvent and than pipetted over the nanoconstrictions (see section

4.3). For the consistency measurements first the nanoconstrictions without molecules are

investigated. Than the pure solvent is applied to the sample and further structures are

measured. At last the solution of single-molecules and solvent is pipetted onto the sample

and more nanoconstrictions are characterised.

6.2.1.1 Measurement of the tunneling behavior without molecules or solvent

The tunneling behavior of 153 nanoconstrictions, after electromigration and without ap-

plication of single-molecules or solvent, is investigated. Due to a very small overlap after

the shadow evaporation, the electromigration worked only for 41 % of the structures. The

other nanoconstrictions were not connected and had already a gap. During the measure-

ments most of the constrictions showed resistances above 10 MΩ (resistances higher than

10 MΩ are not measurable the used set-up, see [64]). Only three of the 153 measured

structures showed measureable tunnel currents. Two of them indicate an electromigra-

tion process due to the measurements, the third structure shows coulomb peaks in the

gate sweeps. In figure 6.3 a) four bias voltage sweeps vs. differential conductance are

plotted. During the second sweep the differential conductance increases significantly and

stays stable for the next sweeps. This behavior can be explained through a change of

the size of the nanogap during the measurement. Here, it is possible that a gold grain

is absorbed by an electrode due to the change of the voltage from negative to positive

values. The bigger gap shows now a different, but stable tunnel behavior. Further, gold

grains or clusters can reorganzied due to the relativley high measurement temperature or

the direction of the applied DC current. The gate voltage sweeps in figure 6.3 b) show a

weak, almost linear dependence on the differential conductance signifying an empty gap

without or only with weak coupled gold grains.

The third structure has different characteristics (see figure 6.4). The first bias voltage

sweep shows a symmetric curve around zero voltage and therefore direct tunneling. In fig-

ure 6.4 it is obvious that for the following three sweeps the signal is unstable and changes

for each sweep. The rise of the signal for negative bias voltages is reproducible, but the

position of the peaks is different. That fact concludes an instable behavior of the gap. The

gate voltage sweeps indicate clearly visible coulomb peaks. The first sweep in figure 6.4

b) shows four, the next sweeps only two minimum. The shift of the big minimum in the

second sweep can be explained by charge transfer as a result of opposite sweep direction.

The Coulomb peaks (minimum) signify that one or more gold grains are situated in the

gap and the molecular states are excited by the gate voltage sweeps.
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Figure 6.3: a) Bias voltage sweeps: During the second sweep an electromigration process

occurs. After the EM a stable behavior is obtained. b) Gate voltage sweeps of the same

structure: The sweeps are reproducible and show no specific behavior or peaks. Similar

curves are measured very often for further structures.
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Figure 6.4: a) Bias voltage sweeps: The first measurement shows a stable signal, the

others a very unstable behavior. b) Gate voltage sweeps of the same structure: The curves

show minimum in the differential conductance (Coulomb peaks). The shift between the

minimum is a hysteresis caused by charging effects of the gate due to the sweep direction.

6.2.1.2 Measurement of the tunneling behavior with solvent

The solvent toluene is applied to the sample and afterwards another 179 nanoconstrictions

are migrated and characterised. Here, the electromigration of 48 % of the structures was

successful. Again, only three of the nanoconstrictions had measurable signals.

The first constriction (see figure 6.5 a)) has similar values for the differential conductivity

as illustrated before in figure 6.3 b). The curves are very noisy and show no clear peaks.

Probably, this behavior indicates also a weakly coupled gold grain. The bias voltage
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Figure 6.5: a) and b) Bias voltage sweeps of two different structures: Both show a noisy

signal without characteristic peaks. The values of the differential conductance are compa-

rable to figure 6.3 a).

sweeps of the another structure are shown in figure 6.5 b). A minimum around 0 V is

visible. The values of the differential conductance are comparable to the bias voltage

sweeps in figure 6.3 a). Therefore it is likely that here also gold grains are bound in the

gap and responsible for the tunnel current. The third transistor (figure 6.6 a)) has the
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Figure 6.6: a) Bias voltage sweeps: A minimum in the differential conductance at 0 mV is

visible. The measured curves reproduce well. b) Gate voltage sweeps of the same structure:

The slope of the curves is representative for the measurements in this section.

lowest values for the differential conductance again around a bias voltage of 0 V. The

curves for the sweeps reproduce well. The nearly constant signal for bias voltages above

50 mV indicates direct tunneling. The gate voltage sweeps (figure 6.6 b)) show a typical

characteristics measured for most of the transistors in this section. The linear decrease of

the signal without peaks or other features is also reported in [17].
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It was not possible to find a difference in the measured characteristics between transistors

with and without solvent. Thus it can be concluded that the solvent molecule do not bind

into the gaps and influence the measurement.

6.2.1.3 Measurement of the tunneling behavior with molecules and solvent

After the application of the C60 molecules solved in toluene, 266 nanoconstrictions were

characterised. Here, also only for 42 % of the structures the electromigration worked well.

However, seven transistors showed a measureable differential resistance between 10 and

100 kΩ.

The results of the measurements with molecules can be classified into two characteristics
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Figure 6.7: a) Bias voltage sweeps: A peak in the differential conductance at 30 mV bias

voltage is visible. The curve is very noisy. b) Gate voltage sweeps of another nanocon-

striction: A hysteresis in the gate voltage sweep of more than 1 V is shown indicating

problems with the gate oxide.

comparing the values for the differential conductance and the peak positions. Figure 6.7

shows a typical curve measured for three different structures. The values of ∂I/∂V are

between 0.60 and 1.30 e2

h
. The bias voltage sweeps are very noisy a sign for an unstable

behavior of the nanogap. The gate voltage sweeps do not indicate charging effects. The

characteristics of these samples is comparable to figure 6.4 and also to the bias voltage

sweep of figure 6.6. In these nanoconstrictions the behavior is assumed as electron tun-

neling through gold clusters in the nanogaps. The same assumption can be done here.

Mainly the gate voltage sweeps show no clear peaks. The hysteresis between the two

sweeps with opposite sweep direction in figure 6.7 indicate an unstable gate. This hys-

teresis is observed for most of the structures on the complete sample and suggests to

problems with charging.

Further nanoconstrictions show bias voltage sweeps with a clear maximum. Figure 6.8

shows two of these curves. Here, the differential conductance is between 0.40 and 1.0 e2

h
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Figure 6.8: a) and b) Bias voltage sweeps of two different nanogaps: Both samples show

a characteristic slope with peaks. The gate voltage sweeps for these samples showed no

interesting features.

and therefore lower than for the structures showed above. However, the gate sweeps gave

similar behavior as illustrated in figure 6.7 b). The characteristics of these nanogaps can

be compared to the structures without single-molecules in figure 6.4 and 6.6.

Another nanoconstriction shows a double peak around 0 V in the bias sweep (see figure
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Figure 6.9: a) Bias voltage sweeps: A reproducible peak around 0 mV is visible. b) Gate

voltage sweeps of the same nanogap: The sweeps show features dependent on the sweep

direction.

6.9). The values of the differential conductance are similar to the graphs in figure 6.8. In

the gate voltage sweep is an unstable behavior visible. It has to be mentioned that the

two sweeps done in the same sweep direction correspond to each other good. It is possible

that here a weak coupled C60 molecule is measured.
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For high quality measurements the temperature has to be in the mK-range. There-

fore further measurements are performed in an dilution refrigerator. This set-up gives in

addition the possibility to apply a magnetic field up to ± 11 T.
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6.2.2 Conductivity at low temperatures
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Figure 6.10: Characterisation of nanogaps with C60 molecules. The differential conduc-

tance is plotted as a function of the bias voltage in the range of interest. a) Typical signal

obtained for 9 nanogaps. A maximum peak at a bias voltage of 0 V is visible. The differen-

tial conductances of these peaks are between 2.0 and 3.2 e2

h
. Often a smaller shoulder like

peak near the main peak is visible. b) Signal obtained for 7 nanoconstrictions. Here the

maximum peak is not at 0 V. The maximum values of these peaks are normally between 0.9

and 1.5 e2

h
. c) Signal sequence of further constrictions. The signal changes reproducible

in a small range of the differential conductance and shows no clear peaks. d) Ascending

slope investigated for 5 nanogaps. The signal shows a minimum and a maximum with the

maximal gradient at a bias voltage of 0 V.

Various samples with C60 molecules were investigated at base temperature in a dilu-

tion refrigerator. The molecules are applied to the structures as described in section 4.3.

After the application of the molecules the samples are mounted on the sample holders on

the inset of the cryostat. The inset was transfered into the cryostat as fast as possible

and immediately cooled down. The electromigration was performed at 4.2 or 1.2 K. After

electromigration, the cryostat was cooled down to base temperature. The measurements

were done with the circuit described in section 6.1.
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First the differential conductance as a function of the bias voltage is measured. The re-

sults of all measured structures can be classified in 4 categories. These different signatures

are shown in figure 6.10. The signal type shown in figure 6.10 a) is found for 9 structures.

The differential conductance shows a maximum at a bias voltage of 0 V. These maximums

have values between 2.0 and 3.2 e2

h
. Often a small shoulder of one side of the main peak

is visible. In figure 6.10 b) a typical curve obtained for 7 structures is illustrated. These

structures have there maximum peak at negative or positive bias voltages. The peak

values are smaller, between 0.9 and 1.5 e2

h
. Figure 6.10 c) shows a completely different

behavior. The curve shows no clear peaks and the differential conductance changes only

in a very small range. These signatures are observed for 4 structures. In figure 6.10 d)

another characteristics is illustrated. The curves have minimums and maximums. The

maximal gradient of the differential conductance is at a bias voltage of 0 V. These signa-

tures are seen at 5 nanoconstrictions.

The measurement results of some structures could not be classified in these 4 categories.
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Figure 6.11: The differential conductance plotted as a function of the bias voltage for two

nanogaps. a) A few of the nanogaps showed values a few orders of magnitude lower. Here

two peaks and a minimum at a bias voltage of 0 V is visible. b) Also significant higher

values for the conductivity are measured. Here a maximum peak at 45,5 e2

h
is shown.

This value is more than one order of magnitude higher than the average of the measured

signals.

Some structures had values for the differential conductivity some orders of magnitude

lower or higher than shown in figure 6.10. Figure 6.11 shows two typical examples. On

the left side a curve with very low conductance is illustrated. The right curve has a very

high differential conductance. Similar curves are measured for a few other constrictions,

but not often enough to consider the results for the classification in the categories.

For a more detailed characterisation of the nanogaps, gate voltage sweeps and magnetic

field sweeps are performed for the gaps which showed a promissing signature in the bias
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Figure 6.12: a) Differential conductance plotted as a function of the bias voltage at a gate

voltage of 0 V. A peak at a bias voltage of 0 V is visible. b) Differential conductance

plotted as a function of the gate voltage by a fixed bias voltage of 1.1 mV. The peak is

shifted to higher gate voltages. Further a small hysteresis depending on the sweep direction

is visible. c) Stability diagram of the differential conductance: the bias voltage is plotted

versus the gate voltage. The differential conductance has a maximum (red region) between

1.5 V and 2.0 V gate voltage.

voltage sweeps. The left side of figure 6.12 shows the bias voltage sweep of a structure

which falls outside the 4 categories above. On the right side the corresponding gate volt-

age sweeps done at 1.1 mV bias voltage are illustrated. The gate voltage sweeps show

also a maximum but not at 0 V. The peak is shifted to values between 1.4 and 1.8 V.

A hysteresis between the different sweeps is visible. Figure 6.12 c) shows the stability

diagram of the differential conductance taken over the range of the bias voltage with the

peak in its center. There are also the maximum values of the differential conductance

around 1.7 V. There is no Coulomb diamond structure visible. The shift of the maximum
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peak of the conductance in the gate sweeps can be caused by a leakage in the gate oxide.

It was a problem for some structures that the gate oxide was destroyed by the heat impact

during the electromigration.

Instabilities of the gate oxide can also be identified from the results shown in figure
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Figure 6.13: a) Differential conductance measured over a nanogap plotted as a function of

the swept bias voltage. The different curves correspond to different applied gate voltages.

Higher gate voltage shows a higher differential conductance. The signature of the curves

depends not on the gate voltage. b) Differential conductance as a function of the gate

voltage. The curve shows some jumps indicating instabilities of the gate electrode.

6.13. This structure was on the same sample as the nanogap from figure 6.12. Figure 6.13

a) shows bias voltage sweeps at different gate voltages. The black curve at 3.0 V of gate

voltage has the highest values in differential conductance, the brown curve at -3.0 V gate

voltage has the lowest values in differential conductance. The signatures of the differen-

tial conductance do not change with the applied gate voltage. These curves let conclude

that here the gate voltage add or remove energy of the molecule without effecting it. It

is not clear why all the curves have the same value of the differential conductance at a

bias voltage of 40 mV. The gate voltage sweep in figure 6.13 b) shows a constant value of

differential conductance around 1.20 e2

h
with some jumps. This is another indication for

a not stable gate electrode.

Figure 6.14 shows the results of another structure from the same sample like above. Here

the differential conductance shows no peaks but corresponds to the category in figure 6.10

d). The gate voltage sweeps in figure 6.14 b) show an unstable behavior with different

peaks. The stability diagram in figure 6.14 c) shows again no Coulomb blockade. There

are vertical lines with higher values of the differential conductance visible. These values

correspond to the peaks in figure 6.14 b).

Figure 6.15 shows a second peak in the gate voltage sweep. This peak was not visible in

the bias voltage sweep in figure 6.15 a). The second peak occurring in the gate dependence

could be a sign for a Coulomb peak and therefore an excitation of the molecule.
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Figure 6.14: a) Differential conductance as a function of the bias voltage. A ascending

slope is visible. b) Differential conductance as a function of the gate voltage. Some peaks in

the curve are visible. c) Stability diagramm of the differential conductance. The maximum

values of the differential conductance are visible as vertical lines. These values correspond

to the peaks in b).

For some of the measured samples it was not possible to apply gate voltages due to

defects in the gate oxide. Sometimes there was a conductive contact between the gate

and the bias electrodes. This problem occurred after electromigration. For further mea-

surements it is advised to make the complete electromigration not in the beginning of

measurements. It would be better to electromigrate only one nanostructure and measure

it immediately afterwards.
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Figure 6.15: a) Dependence on the differential conductance of bias voltage. b) Differential

conductance as a function of gate voltage. A second peak indicating a Coulomb blockade

is visible.

6.2.3 Magnetic field measurements at low temperatures

The structures, which showed peaks in the bias voltage sweeps are further measured in

magnetic fields. The setup has the possibility to apply magnetic fields from -11 to 11 T.

Three structures showed a splitting of a peak in dependence of the magnetic field. The

Zeeman splitting can be calculated with the following form of formula 2.8:

∆EB = mJµegJB (6.1)

with mJ the magnetic number − |J |<mJ<|J |, B is the magnetic field and µe is the Bohr

magnetron. For the Landé-factor follows for spin 1/2 systems:

g =
e∆Vbias

µe∆B
(6.2)

The first results are presented in figure 6.16. The splitting occurs only for positive mag-

netic fields. The figures 6.16 a) and b) show color plots of the differentials conductivity in

dependence on the magnetic field and the applied bias voltage. The plot on the left side

shows the results for negative magnetic fields. There is no splitting in the conductivity

visible. On the right side is the Zeeman splitting illustrated. The black line is drawn in

the plot to make the splitting more clear and further indicates the values taken for the cal-

culations of the Landé-factor with formula 6.2. These values and also results of the other

two structures are noted in table 6.1. Figure 6.16 c) shows the dependence on the differ-

ential conductance of the applied bias voltage. A peak at zero bias indicates the Kondo

effect. Here the peak is shifted to -3 mV, which is the offset of the DC-voltage channel

used to apply the bias voltage (see figure 6.1). A second structure showed a splitting in

positive and negative magnetic fields. Figure 6.17 illustrates the measurement results. In

figure 6.17 a) are the bias voltage sweeps displayed. The differential conductivity shows
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Figure 6.16: a) Color plot of the differential conductance in dependence on the magnetic

field and the bias voltage. There is no splitting for negative magnetic fields visible. b) Split-

ting of the differential conductance for positive magnetic fields. The black line indicates

the values selected for the calculation of the Landé-factor. c) Differential conductance in

dependence on the bias voltage at zero magnetic field.

a peak at 0 V bias voltage. The sweeps are reproducible and show only one maximum.

In the gate voltage sweeps were no peaks visible, therefor they are not illustrated. The

other two pictures in figure 6.17 show color plots of the magnetic field dependence on the

differential conductance. A high resolution plot for positive magnetic fields is shown in

figure 6.17 b), the splitting of the differential conductivity is clearly visible. The color

plot in figure 6.17 c) illustrates the splitting for positive and negative magnetic fields. The

splitting is symmetric in 0 T. The bias voltage is again not exactly at 0 V. The reasons

for this are explained above.

The third structure has very high values of the differential conductance. In figure 6.18 a)

the differential conductance is plotted in dependence on the bias voltage. The magnetic

field is varied for all curves in a range from 0 T to -1 T. The splitting of the peak at

0 V is visible and becomes more clear for higher magnetic fields. Figure 6.18 shows the

color plot of the conductance in dependence on the bias voltage and for positive magnetic

fields. The splitting for this structure occurs also for positive and negative magnetic fields.
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Figure 6.17: a) Differential conductance in dependence on the bias voltage at zero magnetic

field for the second structure. A Kondo peak at 0 V is visible. b) Color plot of the

differential conductance in dependence on the magnetic field and the bias voltage. The

splitting of the the peak in a) is visible. c) Color plot of the differential conductance for

positive and negative magnetic fields. The splitting is symmetric.

The splitting is higher than for structure one and two. However, the high values for the

differential conductance are not understood.

The results of the three measured structures are presented in table 6.1. The Landé-factor

is calculated with equation 6.2. The errors are given through the scale-reading precision.

The Landé-factor of C60 is also measured by other groups [46] and [33] (see chapter 2.4).

The values of the Landé-factor are very different from g ≈ 2 reported in the literature.

Therefor the Landé-factor of gold nanoparticles is reported to be 0.3 [65] and [66]. For

the bulk material a g-factor of 2.1 is determined by electron spin resonance experiments

[67]. The same value is reported by Houck et al. for electromigrated gold junctions [68].
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Figure 6.18: a) Bias voltage sweeps of the differential conductance for different magnetic

fields from 0 to -1 T in steps of 50 mT. The splitting starts at -650 mT (orange curve). b)

Color plot of the differential conductance. The splitting starts for positive magnetic fields

at 650 mT.

Structure ∆ Vbias ∆ B g

in mV in T

figure 6.16 (1.5 ± 0.2) (5.5 ± 0.2) (4.7 ± 0.5)

figure 6.17 (1.2 ± 0.2) (6.0 ± 0.2) (3.5 ± 0.5)

figure 6.18 (12.7 ± 0.5) (5.35 ± 0.2) (41.0 ± 1.0)

Table 6.1: Landé-factors for the three measured samples.

6.3 Distinction between single-molecules and gold grains

The distinction between molecules and gold grains, after the electromigration in a nanogap,

is important for the interpretation of the measurement results. Different groups showed

that Coulomb blockade or Kondo effect could be measured on electromigrated nanogaps

without the application of molecules [44], [68], [69]. Figure 6.19 shows the measurement

results reported by van der Zant and Ward. For a clear distinction between gold or single-

molecule various different measurements have to be performed. Chapter 2 describes the

energy model of a single-molecule transistor. The size of the coulomb diamonds depends

on the charging energy and on the level spacing of the molecule. For a gold grain the

charging energy is the most important parameter and does not change with the number

of electrons on the dot. The resulting picture of Coulomb diamonds is presented in figure

6.19 a) and b). The diamonds have the same size and do not change with the gate voltage.

For a molecule the behavior shown in figure 6.19 c) is attended. The Coulomb diamonds

have not the same size, there are less diamonds and the diamonds are less regular in size.
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a) b)

c)

Figure 6.19: a) Stability diagram of a gold particle from van der Zant et al. [44]. b)

Stability diagram of a gold particle from Ward et al. [69]. c) Coulomb blockade of a C60

molecule also from Ward et al. [69].

Another possibility for the distinction between molecule and gold grain is proposed by

the group of van der Zant [70]. The gate coupling is different for molecule and gold grain.

The gold grain is situated directly on the gate and has therefore a strong coupling. The

molecule, applied before the electromigration, should lie somewhere between the elec-

trodes and not directly on the gate. The coupling of the molecule is weak compared to

the coupling of gold grains. For the comparison of the coupling the gate coupling factor

β can be calculated out of the gate capacitance and the total capacitance of the device.

Further it can be extracted out of the slopes of the coulomb diamond like described in

chapter 2. The gate coupling factor can be determined with the following approximation:

β =
Cg

C
≈

1

2

dVbias

dVg

(6.3)

with Cg is the gate capacitance and C is the total capacitance of the device. The approx-

imation can be done in the case that Cs ≈ Cd and Cg ≪ Cs, Cd. Van der Zant gives an

value of β > 0.2 for a gold grain and smaller values than 0.2 for molecules [70].

The third way to proof the presence of a molecule in the SMT, is the behavior in mag-

netic fields. The Landé-factor is already known for much molecules and also for different

metals. The g-factor for buckyball and gold are given in section 6.2.3. In the case of

this thesis it seems to be the best way for the distinction between C60 and gold grains.
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Unfortunately correspond the measured g-values not to the known values. The other two

methods are also difficult to apply due to the problems with leakage currents in the gate

electrode.
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6.4 Measurements of short chain molecules

The short chain pentaphenylene molecules (molecule 1) are measured in the dilution

cryostat at base temperature. The molecular structure of these molecules is shown in

figure 6.20. The chain length of the molecules is 3.4 nm. This value is around three times

higher than the size of the C60 fullerene molecules. The pentaphenylenes have thiol end

groups which should assure the binding to the gold electrodes.

Figure 6.20: Chemical structure of the short chain pentaphenylene molecules, with courtesy

of Prof. Dr. Klaus Muellen, MPI Mainz.

6.4.1 Bias voltage and gate voltage measurements
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Figure 6.21: a) Two dimensional color plot of the differential conductance in dependence

on the bias and gate voltage. There is no clear structure in the plot visible. b) Corre-

sponding bias voltage sweep: different peaks are identifiable.

In total 25 structures with the short chain pentaphenylene molecules are measured.

The curves of 5 nanogaps showed a peak structure in the differential conductance in
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dependence on the bias voltage. For these gaps also gate voltage measurements are per-

formed. The results are shown in figures 6.21 to 6.25. The first two structures in figures

6.21 and 6.22 show further a splitting of the differential conductivity in dependence on the

applied magnetic field. These results are presented in the next subsection in the figures

6.27 and 6.28. The differential conductivity of the first structure in figure 6.21 is one

order of magnitude lower than for the other nanogaps. In the color plot on the left side

a change of the conductivity depending on gate and bias voltage is visible. The interpre-

tation of this result is difficult, thus there is no Coulomb blockade structure identifiable.

The bias voltage sweep in figure 6.21 b) shows peaks at different values. This behavior

was observed only for this gap.

The next structure illustrated in figure 6.22 shows a big peak at a differential con-
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Figure 6.22: a) Stability diagram of the differential conductance in dependence on the gate

and bias voltage applied to the nanostructure. The small peak from b) vanishes for gate

voltages lower than -1.5 V. b) Corresponding bias voltage sweep to the diagram on the left

side.

ductance of 1.0 e2

h
at a bias voltage of 2 mV and a smaller peak at -0.5 mV. On the left

side of the figure a color map of the differential conductance in dependence on the bias

and the gate voltage is plotted. The small peak of the differential conductance vanishes

at negative gate voltages higher than -1.5 V. Here again is no indication of a Coulomb

blockade structure is possible. The values and the form of the differential conductance

are comparable to type b) in figure 6.10.

The following two structures show similar behavior (see figures 6.23 and 6.24). The max-

imum of the differential conductance is for both at 0 V bias voltage and has a value at

around 3 e2

h
. Further show the color plots of the differential conductance as a function

of bias and gate voltage a coulomb blockade like structure. The color map in figure 6.23



6.4. Measurements of short chain molecules 99

-20 -10 0 10 20

1,2

1,4

1,6

1,8

2,0

2,2

2,4

2,6

2,8

3,0

3,2

d
I/
d

U
[e

2
/h

]

V
bias

[mV]

2,0 V

1,5 V

1,0 V

0,5 V

0,0 V

-0,5 V

-1,0 V

-1,5 V

-2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0

-10

-5

0

5

10

dI/dU

[e
2
/h]

V
b

ia
s

[m
V

]

V
gate

[V]

1,155

1,452

1,749

2,046

2,343

2,640

2,937

3,070

a) b)

Figure 6.23: a) Stability diagram of the differential conductance: two Coulomb diamond

like structures are visible. The diamond for negative gate voltages is not so clear visible

like for positive gate voltages. b) Bias voltage sweeps for different applied gate voltages.

The differential conductance of the molecule depends strongly on the applied energy.

a) indicates two Coulomb diamonds, one at negative gate voltages and a more clear dia-

mond structure at positive gate voltages. On the right side of the figure the conductance

is plotted for bias voltage sweeps at different gate voltages.

The measurements of the nanogap shown in figure 6.24 are comparable to the results in

figure 6.23. Here also a Coulomb diamond is visible, but only for positive gate voltages.

The two stability diagrams are measured on different days. There is a change in the

profile of the diamond which could be a reason of a temperature change in the cryostat.

The temperature was not measurable at the set-up but was at base temperature of the

dilution unit. An other reason could be a instability in the behavior of the nanogap. The

bias voltage sweeps in figure 6.24 c) show the same result. The red and the black curve

correspond to the left color map, the violet and the blue graphs are measured before the

stability diagram on the right side. These two structures which showed Coulomb block-

ade could not be measured in magnetic fields due to a defect of the switch heater of the

magnet.

Figure 6.25 shows the results of the last nanogap which showed a signature in the bias

voltage sweep (see inset). The differential conductance shows four peaks in a range of

16 mV. The values of the conductance are in a range from 2.20 to 2.40 e2

h
and therefore

smaller than for the other structures described above. The gate voltage shows some jumps

indicating a instability in the gate voltage. Here the gate electrode is not stable enough

for correct measurements. Similar curves are already described above. With the methods

described above in section 6.3 it can be concluded that the Coulomb blockade structures,



100 6. Measurement of single molecules

-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5

-10

-8

-6

-4

-2

0

2

4

6

8

10

V
b

ia
s

[m
V

]

V
gate

[V]

2,295

2,465

2,635

2,805

2,975

3,145

3,315

3,485

dI/dU

[e
2
/h]

-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0

-10

-8

-6

-4

-2

0

2

4

6

8

10

dI/dU

[e
2
/h]

V
b

ia
s

[m
V

]

V
gate

[V]

2,295

2,465

2,635

2,805

2,975

3,145

3,315

3,485

measurement 2

-60 -40 -20 0 20 40 60

2,2

2,4

2,6

2,8

3,0

3,2

3,4

3,6

d
I/
d

U
[e

2
/h

]

V
bias

[mV]

sweep 1 down

sweep 2 up

next day after gate measurements:

sweep 3 down

sweep 4 up

a) b)

c)

Figure 6.24: a) Stability diagram of the differential conductance. A Coulomb diamond

structure is visible. b) The same measurement performed one day later: The form and

the position of the diamond have slightly changed. c) Bias voltage sweeps corresponding

to the stability diagrams above. Here the change from one to the next day is also visible.
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Figure 6.25: Gate voltage sweep for different bias voltages. The curves shows jumps

indicating a not properly working gate electrode. The inset shows the conductance in

dependence on the bias voltage.

visible in figure 6.23 and 6.24 are irregular. It follows that these structures do not come

from gold grains. Hence, it can be deduced that a single-molecule or several molecules

are measured.
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6.4.2 Magnetic field dependence

The structures which showed a signature in the bias voltage sweeps were further measured

in magnetic fields. Only five nanogaps showed a splitting when applying a magnetic field

(figure 6.26 to figure 6.27). The interpretation of the results is very difficult because the

values of the differential conductance are between 2.0 x 10−4 and 3.6 e2

h
. The positions of

the peaks on the bias voltage axis, which are splitting in magnetic fields, are presented in

table 6.2. Only the first structure shows a splitting in the color plot: ∆ Vbias = (2.7 ± 0.1)

structure peak position differential conductance

in mV in e2

h

figure 6.26 -2.1 2.05

figure 6.29 -1.0 0.64

figure 6.28 a) -1.0 0.63

figure 6.28 c) -0.4 3.57

figure 6.27 33.0 1.1 x 10−3

Table 6.2: Summary of the peak positions and values of the differential conductance for

the five structures which showed splitting in the magnetic fields.

mV and ∆ B = (8.0 ± 0.1). The Landé-factor can be calculated with equation 6.2: g =

(5,8 ± 0.1).

The second and the third structure in table 6.2 have similar values, but they showed no

clear splitting in the color plot of the magnetic field (see figure 6.28 b)). The Landé-

factor differs from the results of the C60 molecules, it could be characteristic for the

pentaphenylene molecules.
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Figure 6.26: a) Bias voltage sweeps for different magnetic fields: The black curve is

measured without magnetic field. The other three curves show a shift and a different form

of the peak at -2.0 mV. b) Color plot of the differential conductance: the splitting of the

peak is clearly visible. The gray, vertical bar indicates a problem in the measurement. The

values of the differential conductance were shifted to higher values than 2.2 e2

h
. This could

have been happened due to a unknown temperature shift during the measurement.
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Figure 6.27: a) Bias voltage sweeps in dependence of the magnetic field. For high magnetic

field the peak at 35 mV forms a shoulder on the right side. b) Zoom of the peak: for more

than 2 T the shoulder of the peak is formed.
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Figure 6.28: a) Bias voltage sweeps for different magnetic fields. The peak and his smaller

shoulder on the left side become smaller and shift to the left side for higher magnetic fields.

b) Color plot of the differential conductance in dependence on the applied magnetic field

and the swept bias voltage. There is no clear splitting of the conductance peak visible. The

small peak for negative bias voltages vanishes for higher magnetic fields. The correspond-

ing bias and gate voltage sweeps are illustrated in figure 6.22. c) Bias voltage sweeps in

dependence on the magnetic field for another structure with similar behavior: for higher

magnetic fields a small shoulder on the right side of the peak is formed. d) Color plot

of the differential conductance in dependence on the applied magnetic field and the swept

bias voltage: the peak on the left side decreases for high magnetic fields.
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Figure 6.29: a) Bias voltage sweeps for different magnetic fields. A second peak is formed

for fields higher than 3 T. The inset shows the complete range of the bias voltage sweep

at zero field. The red frame shows the voltage range for the sweeps in magnetic field.
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6.5 Measurements of long chain molecules

Figure 6.30: Chemical structure of the long chain pentaphenylene molecules, with courtesy

of Prof. Dr. Klaus Muellen, MPI Mainz.

6.5.1 Bias dependence

On one sample the long chain Pentaphenylene molecules (see figure 6.30) are applied

out of a 0,1 mol solution and measured at base temperature of the dilution refrigerator.

Only 4 out of 20 structures showed a measurable signal. The values of the differential

conductance were very different for all four nanocontacts. The range of the differential

conductance was from 0.011 to 9.0 e2

h
. The results of the bias voltage sweeps without an

applied gate voltage or magnetic field are shown in figure 6.31 and 6.32. The position of

the peaks for the first three structures is near to 0 V. The fourth nanocontact shows a

different behavior. It is comparable to curves shown in figure 6.14 in section 6.2.1 above.

The shifts in the differential conductance in figure 6.31 b) and 6.32 b) can be explained

by the fact that the different sweeps were made on different days and the temperature of

the cryostat may have changed. But it is clearly visible that the curves show the same

features and peaks at reproducible values of the bias voltage for the different sweeps.

It was not possible to apply gate voltages to these structures due to a leakage in the

gate oxide. This problem occurred after the electromigration. The reasons are too high

electromigration currents, which can destroy the thin gate oxide layer. For further mea-

surements it is proposed to electromigrate only one structure and to characterise this

nanogap before further electromigration is performed.

6.5.2 Magnetic field dependence

The four nanostructures which showed measurable signal in the bias voltage sweeps, were

also measured in dependence on magnetic fields. Only the last two structures showed a

change in the curves (see figure 6.32 a) and b)). In figure 6.33 the bias voltage sweeps

at different magnetic fields are shown. There is only a small shift in the position of the

minimum visible, but no splitting of the peak.

The other structure shows a clear splitting of the signal in dependence on the magnetic

field (see figure 6.34 b). The color plot shows a splitting which gives the values for the
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Figure 6.31: a) Bias voltage sweep: the structure shows a minimum near 0 V. b) Bias

voltage sweeps of another structure. This nanogap shows a peak at 0 V. The measurements

were performed on different days. The position of the peak stays constant whereas the

values for the differential conductance changes. This can be due to temperature differences

in the cryostat.
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Figure 6.32: a) Bias voltage sweep for the next structure: here again a minimum at -

1 mV is visible. The value of the differential conductance is much lower than for the

other three nanogaps. b) Bias voltage sweeps of the last nanostructure: the differential

conductance shows an ascending slope like in figure 6.14. The green curve was measured

after the magnetic field measurements one day later. The shift can come due to a different

temperature in the cryostat.

calculation of the Landé-factor: ∆ Vbias = (2.2 ± 0.1) mV and ∆ B = (11.0 ± 0.1).

The Landé-factor can be calculated with equation 6.1: g = (3.5 ± 0.5). This value

is in the same range than the values of the buckyball molecules of table 6.1 in section

6.2.3. Osorio et al. found a g-factor of 2.56 for OPV-5 (oligophenylenevinylene molecules)

[22]. These molecules are chains with five benzene rings and an easier construct than the
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Figure 6.33: Bias voltage sweeps at different magnetic fields. There is only a small shift

of the minimum to higher bias voltages visible.

pentaphenylenes used here.
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Figure 6.34: Map of the differential conductance in dependence on the bias voltage and

the magnetic field.



Chapter 7

Conclusion and outlook

High resolution electron-beam lithography combined with the use of special resists makes

it possible to structure electrodes with separations of a few nanometer. With this tech-

nologies it is possible to contact single molecules directly. Electrodes with a separation

of less than 3 nm are presented. The processing for these structures is very delicate, but

works reliably. This method provides the means to contact single molecules or also small

graphene flakes directly.

Furthermore, a reliable process for the fabrication of nanostructures through electromi-

gration is presented. The fabrication process of the three-dimensional devices is very

stable and the geometry of the structures can be optimized by tuning the evaporation

processes. The process of electromigration is investigated for our structures in detail and

some process parameters are changed to our structures. These measures lead to an higher

yield of good structures than previously reported [45], [50] or [51].

Single molecules are measured and the results are discussed. Due to the good yield af-

ter electromigration it was possible to measure multiple molecules in a short time. The

measurements on buckyballs showed that our set-up is able to measure Kondo effect

and Zeeman splitting. The distinction between gold grains after electromigration or real

molecules in the gap is difficult due to problems with gate leakage currents. Here alter-

native methods for future measurements are proposed.

Finally, graphene-like molecules could be measured with our set-up. First results are pre-

sented. With the small number of structures measured with this molecules, the results are

promising. The molecules seem to be a good candidate for measurements in the developed

geometry.

For future experiments, the graphene discs (hexacoronene molecules) could be the most

interesting type of molecules. With them the difference between chemical synthesized

graphene, exfolitated graphene and with MBE grown graphene could be investigated.

Moreover, the proposed devices gives the possibility to perform measurements on smaller

features with a size of a few nanometer.
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Appendix A

Temperature tests on photoresists

resist type (a) thickness (b) (c) (d) (e) OK

name +/- rpm/s µm min min min min y/n

ARP5350 + 5000/40 0.9 105/5 2 7 10 n

ARU4040 +/- 5000/40 1.3 80/2 2 7 10 n

ARU4060S1 +/- 5000/40 0.6 80/2 2 7 10 y

SXARN4800/16 - 4000/40 0.8 85/5 2 7 10 y

ARN4340 - 5000/40 1.2 85/2 2 7 10 y

ARP3540 + 5000/40 1.2 105/2 2 7 10 n

ARP5460 + 2000/40 1.4 150/5 8 10 0 n

ARP3540 + 5000/40 1.2 100/2

ARP5460 + 5000/40 0.9 150/5 8 10 0 n

ARP3540 + 5000/40 1.2 100/2

ARP5480 + 2000/40 0.7 150/5 8 10 0 n

ARP3540 + 5000/40 1.2 100/2

ARP5480 + 5000/40 0.5 150/5 8 10 0 n

ARP3540 + 5000/40 1.2 100/2

Table A.1: Thermal shock tests on optical resists. After spin-coating (a) and baking

(b) samples are transferred into the electron gun evaporation chamber and pumped down

to about 10−5 mbar. Then the sample holder is cooled down to 77 K in about 2 minutes

and kept there about minutes. In the next step, the sample holder is disconnected from

the liquid nitrogen reservoir and flushed with room temperature nitrogen gas (c). A hot

air gun is used to warm up the setup completely (d). After some relaxation time to get

back to thermal equilibrium (e) the sample is taken out and examined by means of an

optical microscope. These tests were performed during the diploma thesis of Simon Moser

[40].

111



112



Appendix B

Single-Pixel-Lines

Gold single pixel lines

resist bottom Allresist AR-P 639 (50 K, 4 %)

spin coating 40 s @ 3000 rpm

baking 60 min @ 200 ◦C

resist top Allresist PMMA AR-P 679 (950 K, 3 %)

spin coating 40 s @ 5000 rpm

baking 60 min @ 160 ◦C

exposure EHT = 30 kV, aperture = 10 µm, magnification = 870,

area dose = 1050 µC/cm2, area step size = 10 nm

line dose = 1350 - 1755 µC/cm2, line step size = 2.5nm

field size = 81.92 µm2,

developer isopropanol @ 25 ◦C

development 1 min

rinsing 1 min in deionized water

electron gun device “Metallisierung”

Ti evaporation ⊥ 1 nm @ ∼ 0.03 nm/s, (upper chamber × 6.66)

Au evaporation ⊥ 10 nm @ ∼ 0.045 nm/s, (upper chamber × 6.66)

lift off in acetone @ 50 ◦C over night, no ultrasonic

Step 2: creation of contact leads

Table B.1: Electron-beam lithography of the single-pixel-lines. The sample is

cleaned after the lithography process in an oxygen plasma to remove all organic contam-

inations from the samples.
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Appendix C

Processes for Single-molecule

transistor

In this appendix all processes for the fabrication of single-molecule transistor are de-

scribed with all important details. First the cleaning process is described. The sample

fabrication starts with two steps of optical lithography: the gold contact pads and the

aluminum oxide gate. To create the nanoconstrictions there are different possibilities for

the electron-beam lithography. The samples can be structured in one step of EBL and

evaporated by shadow evaporation. This is the fastest way. It is also possible to write very

small and thin lines. These lines have to be connected to the contact pads by a second

EBL step. The exact preparation of the samples and the deposition of the molecules is

described in table C.7. All processes are described in the following tables.

Preparations

Substrate and optical mask preparation

Wafer cleavage pieces of Si/SiO2, ∼ 2.5 × structure width

Wafer cleaning 5 min in acetone @ 50 ◦C, sonication

5 min in isopropanol @ 50 ◦C, sonication

10 min rinsing in deionized water

Mask cleaning 15 min in caro acid (H2O2 : H2SO4 ∼ 1 : 4) @ 120 ◦C

10 min rinsing in deionized water

Table C.1: Substrate and mask preparation. The slices of Si/SiO2 wafer have to be

big enough to guarantee homogeneous resist distribution. The mask has to be cleaned if

necessary.
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Optical lithography

Gold contact pads

resist Allresist AR-P 5350

spin coating 40 s @ 5000 rpm

baking 5 min @ 105 ◦C

UV exposure ∼ 4.5 s @ UV

developer AR-300-26 1:8 H2O

development 15 - 20 s

electron gun evaporator “Matallisierung”

Ti evaporation ⊥ 10 nm @ ∼ 0.2 nm/s, (lower chamber)

Au evaporation ⊥ 40 nm @ ∼ 0.5 nm/s, (lower chamber)

lift off in acetone @ 50 ◦C for 30 min, sonication for 10 s

Table C.2: Optical lithography of the gold contact pads. The UV exposure time

can change with the age and consistency of the used resist. For the gold evaporation the

sample is mounted in the lower chamber of the evaporator.

Aluminum Gates

resist Allresist AR-U 4060

spin coating 40 s @ 5000 rpm

baking 2 min @ 94 ◦C

UV exposure ∼ 6.5 s @ UV

developer AR-300-26 1:4

development 15 - 20 s

electron gun device “Käseglocke”

cooling with LN2 to about 77 K, let thermalise

Al evaporation ⊥ 25 nm @ 0.43 nm/s (cold chamber × 0.46)

warming up 30 min or longer low power hot air gun into LN2-reservoir

oxidization flood sample 30 min with ∼ 100 mbar O2

10 min with ∼ 1 mbar O2-plasma @ 100 W

lift off in acetone @ 50 ◦C over night, sonication if necessary

Table C.3: Optical lithography of the aluminum oxide gates. The UV exposure

time can change with the age and consistency of the used resist. The sample holder

is attached to the LN2 reservoir. The crystal oscillator calibrated to another sample

holder. Using the oscillator, there is 2.17 × more material on the sample than shown on

the display. The second oxidation is done in the PICO plasma asher before the lift off

process.
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Electron-beam Lithography

Shadow evaporated gold nanoconstrictions

resist bottom Allresist PMMA/MA 33 % (AR-P 617 S1 (8 %))

spin coating 40 s @ 6000 rpm

baking 60 min @ 210 ◦C

resist top Allresist PMMA AR-P 679 (950 K 3 %)

spin coating 40 s @ 6000 rpm

baking 60 min @ 180 ◦C

exposure EHT = 30 kV, aperture = 30 µm, magnification = 870,

electron current ∼ 0.235 nA, area dose = 1050 µC/cm2,

area step size = 5 nm, field size = 81.92 µm2

developer isopropanol @ 25 ◦C

development 1 min, dip sonication

rinsing 1 min in deionized water

electron gun device “Metallisierung”

Ti evaporation ⊥ 2 nm @ ∼ 0.03 nm/s, (upper chamber × 6.66)

Au evaporation + 12.5 ◦ 7 nm @ ∼ 0.045 nm/s, (upper chamber × 6.66)

Au evaporation − 12.5 ◦ 7 nm @ ∼ 0.045 nm/s, (upper chamber × 6.66)

Au evaporation ⊥ 100 nm @ ∼ 0.5 nm/s, (lower chamber)

lift off in acetone @ 50 ◦C over night, no ultrasonic

Table C.4: Electron-beam lithography of the shadow evaporated constrictions.

The sample holder of the lower chamber is close to the evaporation source. The crystal

oscillator is calibrated to this distance. The sample holder of the upper chamber is 1 m

away from the evaporation source to avoid to heat up the sample during the evaporation.

Using the oscillator, there is 6.66 × less material on the sample than shown on the display.
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Shadow evaporated nanogaps

resist bottom Allresist PMMA 50 k (AR-P 639.04)

spin coating 40 s @ 3000 rpm

baking 60 min @ 200 ◦C

resist top Allresist PMMA AR-P 679 (950 K 3 %)

spin coating 40 s @ 5000 rpm

baking 60 min @ 160 ◦C

exposure EHT = 30 kV, aperture = 20 µm, magnification = 870,

area dose = 1050 µC/cm2, area step size = 10 nm

field size = 81.92 µm2

developer isopropanol @ 25 ◦C

development 1 min

rinsing 1 min in deionized water

electron gun device “Metallisierung”

Ti evaporation ⊥ 1 nm @ ∼ 0.1 nm/s, (upper chamber × 6.66), oxidized in load lock for 5 min

Au evaporation + 30 - 20 ◦ 7 - 10 nm @ ∼ 0.07 nm/s, (upper chamber × 6.66)

Au evaporation − 30 -20 ◦ 7 - 10 nm @ ∼ 0.07 nm/s, (upper chamber × 6.66)

Au evaporation ⊥ 100 nm @ ∼ 0.5 nm/s, (lower chamber)

lift off in acetone @ 50 ◦C 30 min, in deionized water for 1 min

Table C.5: Electron-beam lithography of the shadow evaporated nanogaps. Sam-

ples with different evaporation angles and gold thicknesses are fabricated.
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Lines

Step 1: writing of the lines

resist Allresist PMMA AR-P 679 (950 K, 3 %)

spin coating 40 s @ 5000 rpm

baking 60 min @ 180 ◦C

exposure EHT = 30 kV, aperture = 10 µm, magnification = 870,

electron current ∼ 0.027 nA, field size = 81.92 µm2,

big structures: area dose = 500 µC/cm2, area step size = 25 nm

small structures: area dose = 540 - 790 µC/cm2, area step size = 25 nm

developer isopropanol @ 25 ◦C

development 1 min, dip sonication

rinsing 1 min in deionized water

electron gun device “Metallisierung”

Au evaporation ⊥ 15 nm @ ∼ 0.045 nm/s, (upper chamber × 6.66)

lift off in acetone @ 50 ◦C over night, no ultrasonic

Step 2: creation of contact leads

resist bottom Allresist PMMA/MA 33 % (AR-P 617 S1 (8 %))

spin coating 40 s @ 6000 rpm

baking 60 min @ 210 ◦C

resist top Allresist PMMA AR-P 679 (950 K 3 %)

spin coating 40 s @ 6000 rpm

baking 60 min @ 180 ◦C

exposure EHT = 30 kV, aperture = 30 µm, magnification = 870,

electron current ∼ 0.235 nA, area dose = 500 µC/cm2,

area step size = 10 nm, field size = 81.92 µm2

developer isopropanol @ 25 ◦C

development 1 min, dip sonication

rinsing 1 min in deionized water

electron gun device “Metallisierung”

Ti evaporation ⊥ 5 nm @ ∼ 0.2 nm/s, (lower chamber)

Au evaporation ⊥ 100 nm @ ∼ 0.5 nm/s, (lower chamber)

lift off in acetone @ 50 ◦C over night, no ultrasonic

plasma incinerator final cleaning 5 min in O2-plasma @ 100 W

Table C.6: Electron-beam lithography of small lines. The sample is cleaned after

the lithography process in an oxygen plasma to remove all organic contaminations from

the samples.
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Deposition of the molecules on the samples

Substrate preparation for the molecule deposition

sample test fast test of the sample resistance

with the probe station in the clean room

selection of a structure with 14 working constrictions

(Resistance should be between 50 and 250 Ω)

protection layer Allresist PMMA AR-P 679 (950 K 3 %)

spin coating 40 s @ 6000 rpm

baking 60 min @ 180 ◦C

cleaving carefully cleaving the wafer in a suitable sized

piece for the chip carrier

with the selected structure in the middle

cleaning 1 h in acetone @ 50 ◦C

5 min rinsing in deionized water

5 min in O2-plasma @ 100 W

molecule deposition clean a pipette with solvent: toluene

pipette a droplet of the molecule solution on the sample

wait some seconds and then blow dry the sample with nitrogen

repeat this process several times

mount in chip carrier glue with G.E.vanish in a chip carrier,

5 min @ 90 ◦C

bonding gold contact pads: gold wire

aluminum oxide gate: aluminum wire

Table C.7: Sample preparation and molecule deposition. The sample preparation

and the molecule deposition has to be done very carefully. For cleaving the waver a resist

protection layer is spun on the sample. This avoids the destruction of the nanostructures

during the cleaving. The finished sample should be mounted in the cryostat as fast as

possible.
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