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1 Introduction

In 2016, 80% of the produced energy came from fossil fuels, while the remaining 20%
was generated from biofuels, nuclear power plants, and renewable sources (e.g. water,
wind, and sun). More than 4/5 of this energy is used for transportation and heating
purposes, of which less than 1/5 is in the form of electricity.1,2 Electrical energy, on top
of powering electronic devices, can conveniently be converted to other forms of energy
and is therefore seen as the most valuable form of energy.

Electricity is commonly generated using heat engines (e.g. steam turbines) that
convert temperature differences – generated by burning coal, oil, gas, etc. - to electricity.
The efficiency of this conversion is thermodynamically limited by the Carnot efficiency
η = 1 − TC/TH, where TC and TH are the absolute temperatures of the cold and hot
reservoirs, respectively.3 In practice, Carnot efficiency is never reached and part of the
generated heat has no further application and is wasted.

In 1822, Thomas Johann Seebeck laid the foundation for a possible use of this
waste heat by discovering the thermoelectric effect.4 Ever since its discovery, physicists
have wanted to make use of this Seebeck effect to generate electricity directly from a
temperature gradient.

The maximum efficiency ηmax of this process for a thermoelectric device is defined as
follows:5

ηmax = TH − TC

TH

√
1 + ZT√

1 + ZT + TC
TH

(1.1)

Where ZT is the thermoelectric figure of merit of the device at the averaged device
temperature T = (TH − TC)/2. We want to make here the distinction between ZT and
zT , where the device thermoelectric figure of merit is written with an upper case Z and
always defined at a given temperature T , while the material thermoelectric figure of
merit is written with a lower case z and is temperature dependent.

The thermoelectric figure of merit zT of a material for small temperature gradients
can be written as:5

zT = σS2

κ
T (1.2)

consisting of the Seebeck coefficient S and the electrical and thermal conductivities,
σ and κ.

Great efforts have been undertaken to find materials and material combinations with
a high zT . Lead telluride (PbTe) and germanium telluride/silver antimony telluride
(TAGS), for example, have this property. These material combinations are the core mate-
rials of the thermocouples used in the thermoelectric generators powering NASA’s Mars
2020 rover, Perseverance.6 Besides this extraordinary application in space engineering

1



1 Introduction

Figure 1.1 Schematic illustration of a graphene nanoribbons field-effect
transistor. The 9 atom wide graphene nanoribbons (light gray) are contacted using
single-layer graphene electrodes (dark gray) that are in contact with the measurement
instruments via source (S) and drain (D) metal leads (silverish). Illustration by M.L.
Perrin.

and less well-known ones in niche markets, there are limited use cases of thermoelectric
materials due to the low conversion efficiencies.7

Almost three decades ago, it was proposed that the nanostructuring of materials could
lead to an enhancement of the thermoelectric efficiency due to quantization effects.8,9

Graphene nanoribbons (GNRs), narrow strips of graphene, are good candidates to
exhibit a high thermoelectric efficiency. For example, if their structure is sufficiently
controlled, a band gap can be opened due to lateral confinement and phononic heat
transport could be suppressed by boundary scattering, leading to an independent tuning
of the electrical and thermal conductivity. Researchers have tried in the past to push
the limits of top-down lithography to form graphene nanoribbons by etching processes,
leading to signs of band gap opening.10,11

An alternative approach to open a band gap in carbon-based nanostructures is to
synthesize atomically precise GNRs by a synthesis process starting from molecular
precursors. Such GNRs have attracted considerable interest as future electronic building
blocks, due to their highly tunable width and edge structure.12

Bottom-up synthesized GNRs are Designer Quantum Materials, materials in which the
properties can be designed and adjusted on demand. GNRs offer a variety of properties:
tunable band gap,13 in-situ pn-junction formation,14 quantum dot behavior15 and even
exhibit topologically non-trivial phases.16–19

This shows that graphene nanoribbons are a versatile platform for novel electronic
devices. However, many challenges remain in the device integration of these materials,
especially regarding contacting and gating strategies. These two challenges directly enter
the zT via the electrical conductivity. In this thesis, we mostly use graphene electrodes
to explore the transport properties of these nanoobjects and show two possibilities how
to improve the contacts to GNRs. In Figure 1.1 an artistic illustration of a typical
field-effect transistor (FET) device is shown. Since GNRs are a novel material system,
their characterization outside of the ultra-high vacuum conditions is in an early stage.

This thesis covers various aspects of the GNR device integration for thermoelectric
characterization. This involves the development of contacting and gating strategies

2
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1.1 Outline

for assessing the electrical conductivity of GNRs. Further, the Seebeck coefficient
of GNR based devices is determined using an advanced measurement platform and
scheme. Finally, a novel Raman-based method is established to map thermal conductivity.
Although the working principle of this method is demonstrated on defect-engineered
graphene membranes, it is extendable to films of GNRs. The thesis concludes by giving
a summary of the limitations in the field of GNR based nanoelectronics and presents an
outlook on how they might be overcome.

1.1 Outline
The individual chapters are structured as follows:

Chapter 2 provides some basic concepts that are essential for the investigation of the
thermoelectric effects in nanoscale devices and gives a general introduction to graphene
nanoribbons and their properties. It explains theoretical aspects of charge transport,
thermoelectricity, and thermal conductivity as well as the thermoelectric figure of merit.

A broad overview of the materials used in this work and their characterization methods
is presented in Chapter 3. Graphene growth and transfer are described in detail and
selected GNR types that differ in width and edge structure are explained. The properties
of GNRs vary significantly for each type of ribbon. Optical and electrical methods to
characterize graphene and GNRs are discussed. In particular, Raman spectroscopy and
an electrical breakdown procedure for graphene nanogap formation are described.

Chapters 4, 5, 6, and 7 are devoted to the investigation of charge transport
in GNRs. A particular difficulty in studying the electrical transport of GNRs is to
ensure reliable contacts. A fabrication procedure of graphene electrodes via optimized
electron-beam lithography and reactive ion etching is reported in Chapter 4. The
fabrication is exemplified on uniaxially aligned and non-aligned 9-atom wide armchair
graphene nanoribbons integrated into a FET geometry and their electrical properties are
determined. The transport results obtained in Chapter 4 are extended in Chapter 5
for three different kinds of low band gap GNRs of the armchair family and GNRs with
partial zigzag edges. Another challenge in the electrical characterization of GNRs is the
limited electrostatic tunability using a single gate in FET devices, which is addressed in
Chapter 6. A multi-gate FET geometry is presented and discussed there. A different
approach to contact GNRs is introduced in Chapter 7. The famous edge contacting
procedure20 is applied to films of GNRs.

The quantification of the Seebeck effect in nanostructures contacted using graphene
electrodes is studied in Chapter 8. The Seebeck coefficients of Au-nanoparticle arrays,
graphene, and for the first time films of graphene nanoribbons are determined. Two
different measurement schemes are employed.

Chapter 9 examines the spatially resolved thermal conductivity, the third part ,besides
the charge transport and the Seebeck effect, that contributes to the thermoelectric figure
of merit. It presents a method for the spatially-resolved assessment of the thermal
conductivity of suspended pristine and defect-engineered graphene.

Chapter 10 summarizes the presented results, draws the conclusion regarding the
conducted research on thermoelectric effects in nanoscale devices, and gives an outlook
for possible improvements, and how to continue the work pioneered in this thesis.

1
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2 Theoretical background and
introduction to the fields covered
in this thesis

2.1 Introduction
The purpose of this chapter is to introduce the various concepts from a theoretical
and/or idealized point of view. It covers charge transport in graphene and graphene
nanoribbons as well as an introduction to thermoelectric effects and thermal conductivity.
All of these concepts are relevant with respect to the thermoelectric figure of merit,
introduced at the end of this chapter.

2.2 Charge transport in graphene
Graphene consists of hexagonally arranged carbon atoms. In Figure 2.1a) an artistic
illustration thereof is given. The crystallographic unit cell consists of two atoms. The
distance between the two carbon atoms is 1.42 Å. In momentum space, the positions of
the carbon atoms are denoted K and K’. The resulting lattice vectors have a length a of
2.46 Å. Carbon has four valence electrons. Three thereof are in planar sp2-orbitals and
form with the electrons from the neighboring carbon atom σ-bonds. The fourth electron
is delocalized in pz-orbitals, extending above and below the carbon atom plane. Using
these pz-orbitals graphene can form π-bonds with other extended π-systems, a concept
that is often referred to as π-π-stacking. In Figure 2.1a) the orbitals are depicted as
transparent ellipsoids. These π-orbitals give rise to a band structure, which can be
written in a simplified version as follows:21

E(kx, ky) = ±t

[
1 + 4 cos

(√
3kxa

2

)
· cos

(
kya

2

)
+ 4 cos2

(
kya

2

)]1/2

(2.1)

In the low energy spectrum, this leads to a linear energy dispersion relation, cause
for excitement among solid-state physicists since this is usually only seen for massless
Dirac fermions in high-energy physics. In ideal graphene, the valence band is filled with
electrons and the conduction band is filled with holes, with the two bands meeting at
the Dirac point. In this situation, charge neutrality is achieved. Therefore this point is
also referred to as charge neutrality point (CNP). Due to the continuity of the density of
states, it is possible to shift these bands up and down with respect to the Fermi energy
EF. This can be achieved for example by applying an electrostatic field from a gate

5



2 Theoretical background and introduction to the fields covered in this thesis

Figure 2.1 Electronic properties of graphene. a) Artistic drawing of the hexag-
onally arranged carbon atoms. The sp2-orbitals (blue) and pz-orbitals (green) are
illustrated for 3 carbon atoms. b) Resistivity of a graphene FET as a function of gate
voltage. The small insets illustrate the low energy dispersion of graphene with the Fermi
energy EF.

electrode in a FET geometry, leading to a change in charge carrier majority type and
charge carrier density. In Figure 2.1b) the measured resistivity of graphene in a FET
geometry is shown as a function of gate voltage. The insets show how the bands are
positioned with respect to the Fermi energy for different gate voltages.

Graphene, a material that is widely studied in the solid-state physics community since
its isolation in 2004, has recently gained a new twist. By literally twisting two sheets
of graphene (single- and multilayers have been investigated) on top of each other by a
small angle, a Moirée lattice is formed. This leads to a distortion in the electronic band
structure resulting in flat bands. If the twist angle is around 1.1◦ and the device quality
sufficiently high, a superconducting state can emerge at low temperatures. This forms
the foundation of a prospering field.

Within this thesis, we use graphene mostly as contact electrodes to the nano-objects.
This due to the following advantages compared to metal electrodes:

• Graphene is a covalent crystal that is therefore stable up to temperatures much
higher than room temperature.22,23

• The charge carrier density in the graphene electrodes can be tuned.24,25

• Graphene is atomically flat.

• The atomically thin graphene electrodes reduce the screening of an applied elec-
trostatic field drastically, compared to bulky metal electrodes. This leads to an
enhanced gate coupling.26,27

• To form an electric contact to GNRs, one could use organic chemistry, to function-
alize the edges of the graphene or/and via π-π-stacking of aromatic rings on top
of graphene similar as it has been demonstrated for molecules.28–30

6
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2.3 Graphene nanoribbons and their electronic properties
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Figure 2.2 STM characterization of GNRs and their calculated electronic
band gap. a) STM height profile of 17-AGNRs at room temperature (Vb = -0.2 V, It

30 pA). The chemical structure of the GNR is overlayed. Data provided by Gabriela
Borin-Barin. b) Band gaps of armchair GNRs as a function of width obtained from
first-principle calculations. The 17-AGNR is indicated with a green circle. Figure
adapted from Son et al. 31

In particular, the last point is favorable for the GNRs that are investigated in this
thesis since they are also planar and a large number of π-orbitals will overlap at the
contact area.

2.3 Graphene nanoribbons and their electronic properties
Graphene nanoribbons are narrow, long strips of graphene and in many theoretical
works, they are also treated as such. By using periodic boundary conditions one reduces
the computational cost but neglects the finite length that these GNRs usually have,
typically varying between a few nanometers up to 50 nanometers. This means graphene
nanoribbons are usually treated as one-dimensional objects and therefore possess a
one-dimensional density of states. GNRs can have various edge an width structures. For
straight GNRs there are the edge configurations armchair and zigzag. Tight-binding
calculations show that a band gap can be opened in graphene nanoribbons with armchair
edges due to quantum confinement in width, while GNRs with zigzag edges are always
metallic.

Calculations using density functional theory showed that armchair GNRs always
exhibit a band gap that varies vastly with their width.31,32 GNRs with armchair edges
can be separated in 3 families, 3p, 3p + 1, 3p + 2, with p being an integer. The band
gap varies from family to family, where the smallest band gap is in the 3p + 2-family,
medium-sized band gaps are in the 3p-family, and large band gaps in the 3p + 1-family.
Within each family, the band gap scales inversely with the GNR width as shown in
Figure 2.2b).31

Figure 2.2a) shows a high-resolution scanning tunneling microscope (STM) image

2
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2 Theoretical background and introduction to the fields covered in this thesis
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Figure 2.3 Quantum dot capacitor model and energy levels. a). Capacitor
model of a quantum dot (QD) with source (S), drain (D) and gate (g) electrodes. The
QD is coupled to S and D via tunnel barriers ΓS,D, resulting in a capacitive coupling
CS,D. The source-drain current ISD is measured for the bias voltage VSD while the gate
voltage Vg is varied. b) and c) Electrochemical potentials µS,D of the electrodes and the
QD µ(N) in b) Coulomb blockade, c) a situation where under a very small VSD current
can flow. Figure adapted from36–38.

of 17-atom wide armchair GNRs (17-AGNRs), recorded at room temperature. The
chemical structure of a 17-AGNR is overlayed for clarification. From STM images like
these and even more clearly in larger area scans as shown in Chapter 3, one can see that
GNRs have a very high aspect ratio, serving as a validation of this 1D object picture
from a geometrical point of view. This picture is a highly idealized one, as most of the
currently available GNRs have a finite size. Hence, the GNRs have to be treated as
very large molecules. However, in carbon nanotubes (CNTs), which have an even higher
aspect ratio due to their micrometer lengths, quantum dot (QD) behavior has been
observed.33–35 This shows that from an electronic point of view also geometrically long
objects can act as 0D objects. In the following, we therefore briefly discuss the main
concepts of a quantum dot.

2.3.1 Transport in quantum dots
Quantum dots exhibit discrete energy levels due to quantum confinement. Charge
transport through a quantum dot occurs only if a very small bias voltage is applied
between the source and drain leads and one of these discrete levels is aligned with the
Fermi level of the leads. If the level of the QD is not aligned with the Fermi level of the
leads no current flows. Using an external electrical field, the levels inside the QD can
be shifted up or down with respect to the Fermi level of the leads. By recording the
current as a function of gate voltage one can probe the spacing between the QD levels.

The QD levels are broadened by temperature. This means, even if the level is only
close to the Fermi level of the leads, charge transport can occur. Therefore, such
spectroscopy measurements are usually performed at low temperatures to accurately
probe the level spacing.

A simplified picture of a capacitively coupled quantum dot with the applied voltages
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2.3 Graphene nanoribbons and their electronic properties
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Figure 2.4 Charge transport in a QD under finite bias. a) Calculated charge
stability diagram of a three level system, assuming asymmetric ΓS,D. b) to e) Energy
levels for various applied gate voltages Vg. The corresponding positions are indicated in
panel a) in green.

is shown in Figure 2.3a). Figure 2.3b) and c) show the two situations that can occur,
either no current can flow due to level misalignment (Coulomb blockade) or a current
flows when the QD level is aligned with the source and drain potentials (under very
small bias voltage).

An increased bias voltage VSD between the source and drain contacts leads to an
energy window (also called bias window) of size eVSD = µS-µD, where e is the elementary
charge. Now charge transport can occur not only if the QD level is aligned with the
energy level of the leads but also when it is within the two levels, or within the bias
window. If one monitors the current as a function of bias and gate voltage, one can form
a charge stability diagram. A calculated charge stability diagram for a three-level system
with different level spacing and asymmetric tunnel barriers is shown in Figure 2.4.

Stability diagrams are typically used to investigate the formation of quantum dots
in quantum devices. In the black regions (Coulomb blockade regime), no current flows
through the device, as neither the temperature nor the bias voltage provides the energy
required for adding an extra electron onto the quantum dot. The edges of this diamond-
shaped blocking region correspond to the onset of resonant transport. For bias voltages
exceeding the resonance condition, single-electron tunneling (SET regime) occurs.

To investigate spin-dependent transport phenomena, these measurements would ideally
also be performed in a magnetic field. For simplicity, we will not discuss the magnetic
field dependence since no such measurements are shown in the remainder of this thesis.
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2 Theoretical background and introduction to the fields covered in this thesis

2.3.2 Why bottom-up synthesized GNRs
A synthetic approach is probably the best way to generate materials in a controlled
way that bridge the size gap in materials fabricated using top-down and bottom-up
approaches. Hence, bottom-up synthesized GNRs combine the best properties of the two
worlds, atomic precision leading to control over the mass fabricated quantum objects at
contactable length scales.

By starting from molecular precursors, such GNRs benefit from the massive diversity of
properties these molecules provide. Using molecules a variety of macroscopic phenomena
have been realized, e.g. switching devices39,40, diodes41 or even molecular motors42.
Further, they are constrained in a planar geometry, which can enhance charge transport43

and leads to a larger overlap with the electrodes improving mechanical stability. Bottom-
up synthesized GNRs have lengths that can reach up to several dozens of nanometers,
allowing them to be contacted with electrodes that are defined using well-established
top-down methods. In chapter 4 this is demonstrated using graphene electrodes. As a
potential drawback, one has to mention that carbon based materials with zigzag edges
tend to be more reactive than their counterparts with armchair edges only.44–46 This
can be limiting their processing under ambient conditions towards a device integration.
In Chapter 7, a possible solution to this challenge is discussed. We also want to stress
here, that most of the theoretical work on GNRs is done in gas phase, meaning that the
GNRs are surrounded by vacuum. However, in a real-world experiment, the molecular
orbitals of the GNRs can also hybridize with the orbitals of the electrodes, leading to an
experimental probing of the complete device rather than the GNRs alone.47–49

2.4 Thermoelectricity
This section describes the three thermoelectric effects. They are named after their
discoverers the Seebeck, Peltier, and Thomson effect. Since they all have a temperature
gradient as a prerequisite, they are also physically interlinked. This is also briefly
discussed.

2.4.1 Seebeck effect
In a material, conductor or semiconductor, that is placed in a temperature gradient the
energy distribution of its charge carriers will change.50 On the hot side, there will be
more charge carriers with higher energy than on the cold side, resulting in a diffusion of
charge carriers from the hot to the cold side. This diffusion builds up a potential between
the two sides that counteract the diffusion of more charge carriers. In the steady-state,
Ohms law is modified by electromotive forces, resulting in a voltage difference without a
current flow. The resulting potential difference ∆V is material dependent and given by
the Seebeck coefficient S, sometimes referred to as thermopower:

∆V = −S∆T (2.2)

with ∆T being the corresponding temperature difference between the hot and cold
sides. This effect is called the Seebeck effect named after Thomas Johann Seebeck who
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2.4 Thermoelectricity

reported it in 1822,4 but already earlier hints at discoveries of thermoelectricity can be
found in literature.51

The Seebeck effect is the working principle of a thermoelectric generator that can
fulfill work using a temperature difference.

Besides this technological aspect, investigating and determining the Seebeck coefficient
of a material is also of fundamental interest. From a theoretical point of view, the
Seebeck coefficient can be seen as proportional to the derivative of the transmission
function τ(E) through a material system. It can therefore be expressed as follows:52

S = −π2k2
BT

3e

∂ ln τ(E)
∂E

∣∣∣∣
E=EF

(2.3)

where kB is the Boltzmann constant and e the elementary charge. This means if the
transmission function of a system contains sharp features, so-called resonances, they lead
to a high Seebeck coefficient. Molecular systems and GNRs can exhibit such resonances.
In general, the Seebeck coefficient is defined in a linear response regime, meaning for
small ∆T . However, scientists also studied the Seebeck coefficient under very large
temperature gradients of up to several hundreds of Kelvin.53

2.4.2 Peltier effect
The Seebeck effect is thermodynamically reversible, hence one can generate a temperature
difference if a current is passed through a material. This effect is then called the Peltier
effect.54 Since in a system where a current is flowing both effects are present, its detection
is challenging. Therefore the Peltier effect was discovered 12 years later than the Seebeck,
in 1834. The Peltier effect can be expressed analytically as follows:54

Q̇ = (ΠA − ΠB)I (2.4)

where Q̇ is the heat generated per time unit, ΠA,B are the Peltier coefficients for
material A, B respectively, and I is the current that flows. The Seebeck and Peltier
effect are closely related as can be seen from the relation between their coefficients:
Π = TS, where T is the temperature.

2.4.3 Thomson effect
The Thomson effect was discovered in 1857 and named after William Thomson, 1st

Baron Kelvin.55 It describes that if a material with a temperature-dependent Seebeck
coefficient is placed in a temperature gradient, then the Peltier effect will take place
at each infinitely small junction of the material where the Seebeck coefficient changes.
Mathematically it can be expressed as follows:55

q̇ = −KJ · ∇T (2.5)

where q̇ is the heat production rate per unit volume, K the Thomson coefficient, J
the current density through the material, and ∇T the temperature gradient. Since the
Thomson effect is closely related to the Seebeck effect, also its coefficients are related as
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2 Theoretical background and introduction to the fields covered in this thesis

follows: K = T · dS/dT . In this equation effects like the thermal conductivity and Joule
heating are neglected.

2.5 Thermal conductivity
Heat transfer has fascinated humans ever since. A fire can give warmth during a cold
winter night, ice cream can be refreshing on a hot summer day or computers need
advanced cooling techniques while performing calculations. The theoretical foundation
for understanding and mastering heat conduction is Joseph Fourier’s work The Analytical
theory of Heat from 1822.56 The most important theory is compressed in the following
formula:

−→q = −κ∇T (2.6)
where q is the heat flow, κ is the thermal conductivity and T is the temperature. This

equation states that the heat flows in the opposite direction of a temperature gradient
and that the two are correlated linearly with the proportionality constant, called thermal
conductivity κ.

Several methods have been developed to measure the thermal conductivity of a
material of interest. The measurement techniques can be divided into three different
classes. The first class consists of optical techniques using lasers, the second consists
of scanning techniques with sharp heated or cooled tips and the third one consists of
microchips with on-chip heaters and thermometers.

The class of optical techniques to determine the thermal conductivity mostly uses
one laser as a heat source and simultaneously to probe the temperature.57,58 In some
cases two lasers are used to do these tasks separately.59 Using the Raman effect, the
temperature changes can be related to a shift of the phonon frequency.60,61 By scanning
the laser beam across a sample, a temperature profile can be extracted that is then used
to model the thermal conductivity. To properly determine the thermal conductivity,
the absorbed laser power has to be taken into account. This is not a trivial task,
since the laser light can be scattered from the edges of the nanostructures or their
supports. In the particular case of objects that are smaller than the laser spot, like
nanowires, measurements of the optical absorption has only been achieved recently.62

This Raman-based method is sometimes referred to as the opto-thermal method. In
Chapter 9 this method serves as the basis of a new method that allows to spatially map
the thermal conductivity of a suspended graphene membrane.

Using scanning thermal microscopy (SThM) it is possible to map thermal properties
with nanometer resolution.63 SThM requires the use of specialized probes. The most
common type are thermocouples, that probe the temperature at the thermocouple
junction placed at the probe tip, followed by thin-film resistors at the probe tip. This
method can be operated in two different configurations. Either scanning the heated
tip over a sample and monitoring the heat flow from the tip to the substrate or using
the tip as a thermometer while scanning over the substrate with local temperature
variations. In general, the sensitivity is higher if the system is operated such that the
tip only acts as a thermometer. In both cases the thermal contact to the substrate is
essential, allowing only for slow scan speeds with limited mechanical vibrations and

12

2



2.6 Thermoelectric figure of merit zT

Figure 2.5 Evolution of the maximum zT over time. Materials for thermoelectric
cooling are shown as blue dots and for thermoelectric power generation as red triangles.
The black dashed line guides the eye. Figure taken from Heremans et al. 74

thus requires a complex setup to properly measure. This technique was used to observe
quantized thermal conductance in single-atom junctions,64 thermal conductance of
single-molecule junctions,65 measure the thermal conductivity of single molecules65 and
determine temperature profiles on a vast variety of nanoscale systems.66–69

The third class consists of solid-state devices where thin-film wires on a silicon-based
chip generate a thermal gradient. This can be either on a bulk chip or on suspended
membranes. In both cases, either a DC or AC current is passed through the heater
leading to a temperature increase. In some cases the heater also serves as a thermometer,
in others separate thermometers are placed nearby. If the nanostructure is electrically
conducting and reliable electrical contacts can be made to it, the well established 3ω
method can be used to measure the thermal conductivity.70–73

The working principle of this method is that an AC current at frequency ω is passed
through the nanostructure, leading to a self-heating effect. The temperature and
consequently the resistance of the nanostructure will change at frequency 2ω since Joule
heating scales with the square of the current according to P = RI2. The current at
frequency ω combined with the resistance change at 2ω results in a voltage modulation
at 3ω. This can be used the determine the temperature change of the nanostructure as
a function of heating power, and thus can be correlated to its thermal conductivity.

2.6 Thermoelectric figure of merit zT
To quantify how well a material can be used as a building block in a thermoelectric
generator, a thermoelectric figure of merit has been defined as follows:5,75–77

zT = σS2

κ
T (2.7)
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2 Theoretical background and introduction to the fields covered in this thesis

where zT is the dimensionless figure of merit and σ the electrical conductivity.
Optimizing zT is challenging since the parameters are interlinked. In semiconductors,
the electrical conductivity can be increased by tuning the concentration of dopants,
but this will in general reduce the magnitude of the Seebeck coefficient.78 In metals,
the electrical conductivity is directly coupled to the electronic part of the thermal
conductivity as stated by the empirical Wiedemann-Franz law as follows:79

κ

σ
= LT (2.8)

where L is the proportionality constant, known as the Lorenz number. This Lorenz
number has an analytical expression L = π2/3 · (kB/e)2, where kB is the Boltzmann
constant and e the elementary charge. In 2020, a law applicable to molecular systems,
similar to the Wiedemann-Franz law for metals was derived for molecular systems, where
the charge carriers can transfer via hopping transport:80

κ

σ
= LM

λ

kB
(2.9)

where λ is the reorganization energy for the electron transfer and LM is the Lorenz
number for molecules, given by LM = 1/2 · (kB/e)2.

Because the parameters in the figure of merit are dependent on each other, for several
decades the maximum value of ZT had remained around 1, as can be seen in Figure 2.5.74

Advances in the material sciences have led to improvements, but mostly involving toxic
or very rare materials. Another pathway to improve the ZT was proposed by Hicks
and Dresselhaus in 1993, where it was suggested that nanostructuring materials could
be the key to improvements.8,9 This led to increased research activity in the field and
also some improvements in ZT values. In a one-dimensional electronic conductor, the
density of states has sharp peaks around the quantum levels of the conductor.81 In a
zero-dimensional case, even sharper peaks are present. By now aligning the Fermi level of
the conductor with these peaks in the density of states (DOS), a minor change in charge
carrier distribution leads to a drastic increase or decrease in high-energy charge carriers.
This would massively enhance the Seebeck coefficient. Experiments on nanowires
have shown that an increase in the power factor is possible due to one-dimensional
confinement.82,83

Besides engineering the power factor, the thermal conductivity of nanostructures can
be engineered. In Chapter 9 of this thesis, one example is given; there, the thermal
conductivity of graphene is tuned using defect engineering. In general, heat can be
transported via electrons and/or phonons. While in metals the majority of the heat is
transferred via the electrons, in semiconductors the phonons conduct most of the heat.
Recently, the existence of relaxons, quasi-particles of collective behavior of phonons has
been proposed.84–86 Relaxons are supposed to be accountable for the majority of heat
transfer in a hydrodynamic regime. Also from a more conservative standpoint, there
is room to influence the thermal conductivity. Since κ = κelectrons + κphonons, and the
mean free path (MFP) of electrons in semiconductors is around one order of magnitude
smaller than that of phonons (corresponding to approximately 10 nm for electrons
and 100 nm for phonons)78, thermal transport in nanostructures is dominated by the
phononic contribution. If one now designs a nanomaterial system smaller than the
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2.6 Thermoelectric figure of merit zT

phonon-MFP but larger than the electron-MFP, the two contributions to the thermal
conductivity can be influenced separately. Graphene nanoribbons, with an average
length of a couple of dozens of nanometers, are in this dimension. It is therefore highly
desirable to explore this type of nanomaterial in the context of thermoelectrics. This is
addressed in Chapter 8.

A nanomaterial in between a hot and cold lead can also serve as an energy filter,
leading to either a heat engine or a refrigerator, depending on the level alignment in the
leads with respect to the Fermi level.87

In this thesis all components of the thermoelectric figure of merit are discussed,
although not all are based on the same material system. An outlook on thermoelectrics
is given at the end of the thesis in Chapter 10.
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3 Materials and methods

This chapter reports on the synthesis of the materials used in this thesis. Further, the
characterization methods are explained, from optical to electrical methods. A strong focus is
also laid on the GNR synthesis. Since the precursor molecule defines the exact shape of the
GNR, it is of utmost importance to understand the synthesis process. For example, a change
in the precursor molecule can still lead to the same GNR but has a drastic influence on the
average length or allows for the formation of kinks every ∼10 nm. These differences do not
negatively influence the physical properties of the GNR backbone, however, when it comes to
the device integration of GNRs, information like this can help understand the transport data.

Contributions:

O.B. and J.O. did graphene characterization, Raman spectroscopy measurements and
developed the Raman optimized substrates. R. Fu. did graphene growth. G.B.B., N.B.,
and R.D. performed GNR synthesis. K.M. and A.N. synthesized the GNR precursor
molecules. M.L.P. did Raman calculations. M.E.A. developed the EB-technique and
performed transport measurements on molecular devices. M.C. was involved in discussion
and supervised O.B., J.O., R.Fu., M.E.A. and M.L.P.

Parts of this chapter have been adapted from El Abbassi et al. 30 , Overbeck 88 , Overbeck et al. 89 , El
Abbassi et al. 15 , Sun et al. 19 and Braun et al. 90 .
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3 Materials and methods

3.1 Basics of Raman spectroscopy

3.1.1 General concept of the Raman effect
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Figure 3.1 Raman spectroscopy: concept and application. a) Concept of the
Raman effect, a two phonon effect. Anti-stokes, Stokes and Rayleigh scattering are
depicted. b) Schematic Raman spectra showing the Anti-Stokes, Rayleigh, and Stokes
peaks. c) Temperature dependent Raman spectra of 9-AGNRs on hBN.

Raman scattering of light was discovered in 1928 by C.V. Raman and K.S. Krishnan,
and independently by G. Landsberg and L. Mandelstam.91–93 It is based on the inelastic
scattering of light in a gas, liquid, or solid. When light interacts inelastically with the
lattice vibrations, the light quantum (photon) can gain or lose energy. The amount
of that energy is equal to a lattice vibration quantum (phonon). By analyzing the
spectrum of the scattered light one can hence gain information about the vibrational
modes present in the system under investigation. The Raman effect is a two photon
effect. In Figure 3.1a) this is depicted, showing the excitation with a photon of frequency
ω0. If the photon scatters elastically, it keeps its frequency, this process is called Rayleigh
scattering. If the light scatters inelastically, the scattered photon has a frequency of
ω0 ± ωph, where ωph corresponds to the frequency of the phonon. These processes are
called Stokes scattering, (in the case of −ωph) and Anti-Stokes scattering (in the case of
+ωph). Figure 3.1b) shows a schematic Raman spectrum. The difference in intensity
can be understand as follows: Phonons are bosons, and therefore one can describe their
average number n by the Bose-Einstein distribution:

n = 1
eEv/kBT − 1 (3.1)

where Eν is their energy, kB is the Boltzmann constant, and T is the temperature.
One can also view the process as a phonon getting created (n to n + 1, Stokes) or
annihilated (n + 1 to n, Anti-Stokes). The intensity ratio between the Stokes scattering
IS and Anti-Stokes scattering IAS can therefore be expressed as:
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3.2 Probe stations and cryostats

IS

IAS

∝ n + 1
n

= eEv/kBT (3.2)

We see that the intensity ratio is strongly temperature-dependent and hence can be
used as a thermometer. In Figure 3.1c) Raman spectra collected at different temperatures
are shown. The physical interpretation of the shown peaks is discussed later after
introducing the graphene nanoribbons in more detail. One sees that the intensity ratio of
the peaks at ±25 cm−1 changes drastically, illustrating the above-discussed temperature.
We further see that the peak labeled LCM shows a strong temperature dependence of
its peak position. This is quite surprising for such a low-frequency vibrational mode.
However, it can be understood by the origin of this mode. It is a longitudinal compressive
mode (LCM) in atomically precise graphene nanoribbons and was first identified by
Overbeck et al. 89 . For this vibration all atoms of the GNR are involved. Therefore this
vibrational mode is in particular sensitive to pinning of the GNR to the substrate and/or
different thermal expansion coefficients of the GNR and the underlying substrate. In
the remainder of this thesis, we use Raman spectroscopy as a tool to assess the quality
of the materials under investigation and in Chapter 9 we use these temperature-induced
shifts of the Raman peaks to locally map the temperature.

3.1.2 Instrumentation for Raman spectroscopy at the Transport at
Nanoscale Interfaces Laboratory

The Raman spectra shown in this thesis are acquired using a confocal Raman microscope
(Alpha 300R, WITec) in back-scattering geometry. It is equipped with three excitation
sources (488 nm, 532 nm, and 785 nm) and two corresponding spectrometers, one for
visible and one for near-infrared light. The laser light is fiber-coupled to a tower. In
this tower, it is linearly polarized by a λ/2 plate. The polarization of the incoming light
can be rotated in an automated manner, which is very convenient to determine the
orientation of aligned GNRs as discussed later. The linearly polarized light then gets
focused onto the sample, which is placed either directly on a scan table, in a custom build
vacuum chamber, or a He-flow cryostat (Microstat HiRes, Oxford Instruments). The
backscattered light passes a filter to block the corresponding laser light and optionally
an analyzer that controls the outgoing polarization. The light is then fiber-coupled to
the spectrometers where it is dispersed by a grating and later collected by the CCD.
The following gratings are available for the visible light: 150, 600, and 1800 g/mm and
for the near-infrared light 150, 300, and 1200 g/mm. The grating is selected based on
the spectral resolution needs. A more detailed description of the setup can be found in
the Ph.D. thesis of Jan Overbeck.94

3.2 Probe stations and cryostats

3.2.1 Electronics
All electronic measurements were performed in a custom-built vacuum chamber (<10−6 mbar).
For regular I-V characterization with or without applied gate voltage, a data acquisition

3

19
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board (ADwin-Gold II, Jäger Computergesteuerte Messtechnik GmbH) was used to apply
the bias and gate voltages and read the voltage output of the I–V converter (DDPCA-300,
FEMTO Messtechnik GmbH). A modular electronics system (IVVI-DAC2-rack, Delft
University of Technology) in combination with two lock-in amplifiers (SR830, Stanford
Research Systems), along with the previously mentioned ADwin-DAQ, were used to
determine the Seebeck coefficient.

3.2.2 Lake Shore probe station
The devices were measured in a commercially available probe station (Model CRX-6.5K,
Lake Shore Cryogenics) at various temperatures (9 K - 350 K). This probe station is a
closed-cycle cooling system, meaning the sample is never in direct contact with the 4He
that provides the cooling power. It is equipped with 6 spring-loaded needles that allow
for temperature-dependent measurements over larger ranges.

3.2.3 Heliox cryostat
Parts of the temperature calibration measurements were carried out in a 3He sample-in-
vacuum dipstick. The system is cooled by inserting it into a 4He Dewar. A specially
engineered 1 K condensation stage allows for cooling to around 1.5 K. The 3He closed
cycle system then allows for cooling down to ∼250 mK. The samples have to be wire
bonded into a chip carrier and are contacted via a wire attached to a chip carrier socket.
The wiring and sample mounting was developed by the author with the help of O.V.. In
order to make little thermal contact to the outside world are the wires connecting the
sample to the measurement instruments chosen to be thin and long. This causes them
to have a resistance of ∼140 Ω. In the temperature calibration measurements, this is
accounted for as we use a voltage-controlled current source.

3.2.4 Automated vacuum prober
Some precharacterization of the graphene electrodes was been performed in a custom-
built vacuum prober. This probe station was developed in parts by the author and
further developed by M.L.P. with help of O.V.. It allows for automated three-terminal
measurements (source-drain-gate) under vacuum conditions (<10−6 mbar).

3.3 CVD-graphene
Single-layer graphene can be synthesized using chemical vapor deposition (CVD) at a
large scale on various substrates. This procedure is well established since 2008/2009.95–99

It allows for the production of hundreds of graphene-based devices in parallel. Here
are the recipe and key properties of CVD-graphene synthesized on copper within the
Laboratory for Transport at Nanoscale Interfaces at Empa are described. We follow
mostly the procedure developed by Thodkar et al.100,101
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3.3 CVD-graphene

3.3.1 Graphene growth and transfer
Polycrystalline graphene is synthesized via CVD in a tube furnace (Three-zone HZS,
Carbolite). A 25 µm thick copper (Cu) foil (Foil 2017, No. 46365, Alfa Aesar) is prepared
at room temperature by first cleaning in acetone (15 min), rinsing in isopropanol (IPA),
immersing in deionized (DI) water (5 min), acetic acid (30 min), DI-water (20 min +
5 min in an ultrasonic bath), ethanol (1 min) and blowing dry with N2 before reduction
annealing in a H2-rich atmosphere (20 sccm H2 in 200 sccm Ar) at 1000 ◦C and <1 mbar
for 60 min. Before the growth, the pressure inside the tube is increased to 110 mbar by
partially closing the downstream valve. Graphene growth is initiated by the addition of
0.04 sccm CH4 to the chamber for 22 min. The growth is terminated by stopping the
CH4 flow, reducing the pressure by opening the downstream valve, opening the lid of the
tube furnace, and circulating air with a fan to allow for an abrupt drop in temperature.
The cool-down procedure (to <100 ◦C) takes 45 min. The as-grown single-layer graphene
is transferred onto the target substrate using a wet transfer method102 described in the
following:

Poly(methyl methacrylate) (PMMA) 50K (AR-P 632.12, Allresist GmbH) is spun
onto the graphene-coated Cu foil and the backside graphene is etched using reactive ion
etching (RIE). A Ar-/O2-plasma (15/30 sccm) with a power of 25 W and a pressure of
20 mTorr during 30 s was used. Cu is etched away using a copper etchant (PC COPPER
ETCHANT-100, Transene) for 60 min leaving the graphene/PMMA film floating on top.
The etchant is then replaced by DI-water in a stepwise dilution process. The DI-water
is then replaced by a 10 % HCl solution for 5 min. After a final rinsing in DI-water,
the graphene/PMMA film is fished out with the target substrate. After settling under
ambient conditions for 30 min, the target substrate/graphene/PMMA stack is placed
in an oven and heated to 80 ◦C for 1 h followed by a second heating step at 80 ◦C
for at least 12 h under vacuum conditions (<1 mbar) to ensure good adhesion of the
graphene to the target substrate. PMMA is removed by placing in acetone for 10 min
at room temperature, 60 min at 56 ◦C, followed by a 30 min cool down period. Finally,
we perform an IPA rinsing step followed by N2 blow drying. This process yields clean,
single-layer graphene with low defect density on the target substrate, as assessed in
Subsection 3.3.2.

3.3.2 Quality assessment
After transferring graphene to the target substrate a quality assessment can be performed
before further fabrication steps.

Raman spectroscopy

Raman spectroscopy is a widely used technique to assess the graphene quality due to
its, at first sight, simple data interpretation. By Raman mapping the graphene over a
large area a qualitative interpretation can be done. We used large area Raman scans to
assess the graphene quality after transfer to SiO2. All spectra were acquired in air using
a 100x objective (NA = 0.9) with an excitation wavelength of 532 nm and a laser power
of 2 mW. After data acquirement, a cosmic ray removal (CRR), as well as a constant
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Figure 3.2 Raman mapping of graphene on SiO2. a) Intensity maps of the D-, G-
and 2D-Raman band. b) 3 individual representative Raman spectra collected at the
positions indicated by the crosses in a). The insets show histograms of the extracted
full-width at half-maximum of the G and 2D peak (ΓG and Γ2D, respectively). c) Scatter
plot of the Raman G and 2D peak position (ωG and ω2D, respectively). The color map
represents Γ2D. The open circle indicates the peak positions of intrinsic graphene, which
is neither doped nor strained.103,104 Figure taken from Braun et al. 90 .

background (at the minimum) subtraction, was applied to each spectrum. The visible
bilayer graphene region in the top left corner was excluded from all further data analyses.
For each spectrum, the G- and 2D-band are fitted with a single Lorentzian to extract
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Figure 3.3 Electrical behavior of graphene FET at room temperature. Con-
ductance as a function of applied gate voltage at fixed bias voltage of Vb= 0.1 V,
indicating typical graphene FET behavior. Field-effect mobilities are 2’500 cm2/Vs for
electrons (red) and 1’800 cm2/Vs for holes (green), assuming the geometrical factor
being dominated by the central constriction of 350×820 nm.105 Figure taken from Braun
et al. 90

the peak positions and full-width at half maximum.

Electrical

A further indicator for the graphene quality is the field-effect mobility µFE = LchG/WchCGVDS.
Where Lch is the channel length, G is the source-drain conductance, Wch is the channel
width, CG is the gate capacity and VDS is the source drain voltage.105 Electrical behavior
of a reference device (on a normally processed chip, device without 2nd electron-beam
exposure for gap formation) after fabrication is shown in Figure 3.3.

3.4 Electrical breakdown procedure for graphene
nanogap formation

3.4.1 Procedure and challenges
The electrical breakdown procedure allows for the formation of nanogaps in graphene.
Originally inspired by the electromigration of Au-nanojunctions for molecular electronics
this procedure, although with slightly varied fabrication recipes, is well established within
the molecular electronics community.23,26,29,30,106–108 First, graphene on an insulating
substrate was patterned into a bow tie shape with a constriction 400 nm wide and 800 nm
long (ditto) which quickly flares into wide graphene leads that are then connected to
large metal contact pads. Second, a feedback-controlled voltage is applied to the device
inducing a current to flow between source and drain. By steadily or pulsed increasing
of the bias voltage, also the corresponding current scales leading to a temperature
at the nanoconstriction increases due to Joule heating.23 The temperature profile
along the constriction follows the 1-D heat equation, with its hot-spot in the center.
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c) d)

a) b)

200 nm

graphene

gap

Figure 3.4 Junction geometry and electrical characterization. a) AFM height
profile of a graphene nanoconstriction after performing electrical breakdown procedure
on a typical device. The nanogap is indicated with white arrows, showing clear size
variations. b) Tunneling current curves recorded at various temperatures indicating no
temperature dependence. Figure adapted from El Abbassi et al. 30 .

This procedure provides locally enough thermal energy for rearrangements and later
evaporation/sublimation of contaminants on the graphene surface. In a later stage,
the current density becomes so large that the graphene starts to crack at its weakest
points, usually at the grain boundaries, defects, or edges, leading to an abrupt change
in resistance, which can be detected and leads to an immediate ramping down of the
applied bias voltage.

After the successful formation, a careful electrical inspection of the nanogap is needed.
By fitting the observed S-shaped I-V characteristics to the Simmons model,109 the size of
the nanogap can be estimated. This model has its limitations and only partially reflects
the experimental reality since for example, it assumes a plate capacitor for calculating
the distance, while experimentally we have two atomically flat electrodes. Further as
can be seen in the AFM measurement in Figure 3.4a), the geometry in particular the
graphene edges are not as well defined as one would like to have for a model. However,
this model can serve as a qualitative estimate in comparing the variation in gap sizes
between devices, as well as whether a nanogap has formed or not, i.e. a gap >5 nm
would lead to a nondetectable tunneling current.

Besides the I-V measurements, it is also necessary to do gate voltage dependent
measurements since isolated graphene islands could be trapped between the two graphene
electrodes serving as an electronic island and at low temperature behave like a quantum
dot.110 Also distinguishing lead- and molecule-states in graphene-based single-electron
transistors is challenging and requires profound know how.111 Additionally quantum
interference has been reported in nanoconstrictions created using the electrical breakdown
procedure.112 To identify and exclude such devices it is necessary to cool down to low
temperatures, creating the drawback that the sample undergoes thermal cycling, which
may lead to unwanted modifications of the sample. Since the observed current arises
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Figure 3.5 Junction geometry, molecular design and electrical characterization.
a) Drawing of the three molecules, constituted of three main parts: the silane group
for the covalent anchoring to the substrate, the alkane chain that decouples the silane
group from the different head groups (CH3 (molecule N) and N-carbazole (molecule
C)) and biphenyl N-carbazole (molecule BPC). b) Schematic illustration of a molecular
junction that contains a series of π-π-stacked molecules bridging a graphene nanogap.
The atomic positions of the molecules are for illustrative purposes only, and do not
correspond to the DFT-relaxed geometry shown in Figure 4 of El Abbassi et al. 30 .
For clarity, different sizes and colors are used to distinguish the carbon atoms of the
molecule from those of the graphene. c)-e) The electrical measurements that correspond
to the three molecules under study with different head groups are displayed as density
plots of the measured I–V curves, of which the absolute value of the current is plotted
on a logarithmic scale. For each molecule, 100 I–V curves without data selection were
measured at room temperature on a specific device per molecule. Figure adapted from
El Abbassi et al. 30

only from the tunneling of electrons through the vacuum in the nanogap, no temperature
dependence is expected. Temperature dependence is a key feature to disentangle signals
arising from molecules, graphene islands, graphene nanoribbons, etc. in the nanogap.

These nanogaps have been shown to help to overcome the problem of mechanical
instabilities in the field of molecular electronics as laid out in Subsection 3.4.2 and are
used to contact GNRs of very short length as described in Chapter 5.

3.4.2 Application to molecular electronics
The workhorse of molecular electronics, the so-called mechanically controlled break
junction (MCBJ), where a thin metal strip within a solution of molecules is bent using
a piezo-controlled bending mechanism until it breaks, relies its power on a statistical
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approach, mostly due to mechanical instabilities. For example, the molecule can leave
or also enter the junction while the metal electrodes separate. These gap formations
can be performed several thousands of times. The collected current vs. displacement
curves are then plotted as a histogram revealing molecular features that can be detected
by the experienced observer or advanced clustering approaches.113 A major drawback of
the MCBJ technique is that the gap formation is not very robust and therefore can not
be directly used in a solid state device. It has been shown in El Abbassi et al. 30 that by
using graphene nanogaps formed by the electrical breakdown procedure in combination
with the anchoring of the molecule to the substrate within the nanogap as well as an
extension of the molecule with side-groups, robust molecular junctions can be formed.
This allows for longer measurement times at an individual device and hence one can gain
valuable information about the particular molecular junction and foresee the application
of molecules in solid state devices.

3.5 Graphene nanoribbons (GNRs)

3.5.1 Overview of graphene nanoribbons
Bottom-up synthesized graphene nanoribbons can have a variety of shapes and as a
result vary in their properties. The shape is given by the selected precursor molecules.
Besides this, they can either be synthesized in solution or on-surface via CVD or under
ultra-high vacuum (UHV) conditions. GNRs synthesized in solution usually have long
side groups to avoid agglomeration, however, they can be synthesized at a large scale
and drop cast onto a sample similar to molecules. A nice feature, but also a limitation, is
that the GNRs can move inside the solution. For example, this can lead to self-alignment
of GNRs on hBN. If the GNRs are synthesized using CVD, the substrate tends to show
more contaminants after growth than in the UHV synthesized case. We therefore only
integrate GNRs that are synthesized under UHV conditions in the nanotech@surfaces
laboratory of Prof. Roman Fasel at Empa. In the following an overview of the properties
of the GNRs studied in this thesis is given. Electrical characterizations on single GNR
level are done using scanning tunneling spectroscopy (STS). The synthesis, as well as
scanning tunneling microscopy (STM) images of these GNRs, are shown in the following
subsections.

3.5.2 Growth substrates and GNR transfer
Using Au(788) as growth substrate results in uniaxially aligned GNRs (GNRs grown along
the narrow (111) terraces) while using Au(111)/mica leads to non-aligned GNRs.12,120

Optical images as well as a schematic illustration of the Au terraces can be seen in
Figure 3.6. In both cases, Au(788) single crystal (MaTeK, Germany) or Au(111)/mica
(Phasis, Switzerland), the growth substrates are cleaned in ultrahigh vacuum by sputter-
ing/annealing cycles. After this cleaning procedure, the precursor molecule is deposited
on the surface. The density can be controlled by monitoring a crystal gauge. The
polymerization of the precursor molecules, as well as the cyclodehydrogenation steps
to form GNRs, are usually initiated by a temperature increase (for exact experimental
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GNR type 5 5, kinked 7 9 17 pyrene

Chemical
structure

Armchair family 3p+2 3p+2 3p+1 3p 3p+2 -
Width (Å) 4.8 4.8 7.2 9.6 19.3 7.2
Average length (nm) 15 80 20 40-45 <20 35
Polymerization
temperature (◦C)

22515 230 200114 200115 250116 18019

Cyclodehydrogena-
tion temperature (◦C)

350117 345 400114 400115 400116 30019

Controlled alignment yes no yes yes no no
Controlled density yes yes yes yes no no
Band gap DFT (eV) 0.4331 0.4331 1.5631 0.7331 0.1331,116 0.1819

Band gap STS (eV) 0.85118

0.29 a 0.85 2.30119 1.40115 0.17116 0.2319

RBLM ( cm-1) 531 531 396 314 169 459 b

Table 3.1 Overview of selected GNRs presenting structural, electronic and vibrational
properties.

aEnd-states within the band gap as reported by Lawrence et al. 118
bLabeled as RBLM* according to Sun et al. 19

3

27



3 Materials and methods

a) c)b)
GNR
terrace-edge

Figure 3.6 Au-growth substrates for on-surface synthesis of GNRs. a) and b)
Optical images of Au(111)/mica and Au(788) GNR growth substrate, respectively. In b)
the dashed white line indicates the crystal axis. Figure adapted from Braun et al. 90.
c) Artistic illustration of 9-AGNRs on Au(788), aligned along the crystal axis. Figure
adapted from Overbeck 88 .

parameters see individual GNR subsections of this section and the references therein).
GNRs are transferred from their growth substrate to the silicon-based target substrates
with predefined graphene electrodes by two different transfer approaches. GNRs grown
on Au(788) crystals are transferred by an electrochemical delamination method using
PMMA as an intermediate transfer substrate as reported in Senkovskiy et al. 121 , Over-
beck 88 and Overbeck et al. 89 GNRs grown on Au(111)/mica are transferred using a
polymer-free method as described in Fairbrother et al. 122 , Borin Barin et al. 123 , Backes
et al. 124 .

3.5.3 9-AGNRs
9-AGNRs were first synthesized and reported by Talirz et al. 115 . For the studies
reported in this work 9-AGNRs were synthesized from 3‚,6‚-diiodo-1,1‚:2‘,1„-terphenyl
(DITP).125 Two types of GNRs, uniaxially aligned and randomly oriented, are transferred
onto the sample. The growth substrates are cleaned in ultrahigh vacuum by two
sputtering/annealing cycles: 1 kV Ar+ for 10 min followed by annealing at 420 ◦C for
Au(788) and 470 ◦C for Au(111)/mica for 10 min. Next, the precursor monomer DITP
is sublimed onto the Au surface from a quartz crucible heated to 70 ◦C, with the growth
substrate held at room temperature. After deposition of 1 monolayer of DITP, the
growth substrate is heated (0.5 K/s) to 200 ◦C with a 10 min holding time to activate
the polymerization reaction, followed by annealing at 400 ◦C (0.5 K/s with a 10 min
holding time) to form the GNRs via cyclodehydrogenation.

As can be seen in the STM images of Figure 3.7, even the 9-AGNRs grown on
Au(111)/mica which are described as non-aligned films tend to be locally aligned. As
it has been shown by Di Giovannantonio et al. 125 this effect is stronger for 9-AGNRs
grown with iodine instead of bromine in the precursor molecule. A further advantage
of the iodine-based precursor molecule is the statistically longer 9-AGNRs, which is
favorable for device integration. The average GNR length is between 40 and 45 nm,
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Figure 3.7 9-AGNR synthesis, on-surface characterization and bite-defects. a)
Schematic representation of the on-surface synthesis route from the molecular precursor
to the 9-AGNR. b) non-contact AFM image acquired with a CO-functionalized tip (Vs =
10 mV, It = 2 pA) . Figure adapted from Pizzochero et al. 126 . c) and d) High-resolution
STM image of 9-AGNRs on Au(111) (Vs = -1.5 V and It = 50 pA) at liquid helium
temperatures. In d) a 9-AGNR is highlighted and all its bite defects are indicated with
black arrows. Data provided by Gabriela Borin Barin.

while for 9-AGNRs grown with the bromine-based precursor molecule the average GNR
length is around 15 nm.125

The presence of bite defects as shown in Figure 3.7 can not be avoided. They
originate from the C-C bond scission that occurs during the cyclodehydrogenation step
of the reaction.115 A detailed study on the effect of these bite defects on the quantum
electronic transport across GNRs has been reported recently by Pizzochero et al. 126 .
Their first-principles calculations revealed that such imperfections substantially disrupt
the conduction properties at the band edges.
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c) d)
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Figure 3.8 5-AGNR synthesis and on-surface characterization. a) Schematic
representation of the on-surface synthesis route from the molecular precursor to the
5-AGNR. b) and c) STM image of as-synthesized aligned 5-AGNR on a Au(788) surface
(Vs = -1.5 V and It = 60 pA). c) shows a high resolution scan of the area indicated by a
black square in b). Figure adapted from El Abbassi et al. 15 .

3.5.4 5-AGNRs
5-AGNRs are synthesized by sublimating the precursor molecules, an isometric mixture
of 3,9-dibromoperylene and 3,10-dibromoperylene (DBP), at 160 ◦C onto a Au(788)
surface kept at room temperature.117 A slow annealing process (0.2 K/s) up to 225 ◦C
allow the formation of 5-AGNRs via polymerization and cyclodehydrogenation.15

30

3



3.5 Graphene nanoribbons (GNRs)
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Figure 3.9 kinked 5-AGNR synthesis and on-surface characterization. a)
Schematic representation of the on-surface synthesis route from the molecular precursor
to the 5-AGNR. Route i) shows the formation of a kink. ii) shows a straight 5-AGNR
segment. b) STM image of as-synthesized kinked 5-AGNR on a Au(111) surface (Vs =
-1.5 V and It = 30 pA). Data provided by Gabriela Borin Barin.

3.5.5 5-AGNRs (with kinks)
5-AGNRs can also be synthesized by starting from a different precursor molecule than
described in Subsection 3.5.4. After the polymerization, this molecule needs to rotate
along its axis to form a straight 5-AGNR. If this rotation does not take place a kink
in the 5-AGNR is formed. Since this process can (so far) not be completely controlled
kinked 5-AGNRs are formed. Despite this unwanted formation of kinks, the GNRs grow
very long, some longer than 100 nm. STS measurements revealed that these kinks do
not electrically isolate the straight segments from one another. This raises the potential
for exploration in a FET geometry. A detailed study by Borin Barin et al. is therefore
in preparation.
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Figure 3.10 17-AGNR synthesis and on-surface characterization. a) Schematic
representation of the on-surface synthesis route from the molecular precursor to the
17-AGNR. Note the zigzag edges at the left GNR end. b) and c) STM image of
as-synthesized 17-AGNRs on a Au(111) surface (Vs = -1.5 V and It = 30 pA). b) shows
the local alignment of longer 17-AGNRs with shorter GNRs in between. c) longer
17-AGNRs after optimizing the growth parameters. Data provided by Gabriela Borin
Barin. d) Averaged Raman spectra of transferred 17-AGNRs on Raman optimized
substrate. A calculated spectrum is shown for comparison.

3.5.6 17-AGNRs
17-AGNRs are synthesized following the route proposed by Yamaguchi et al. 116 on
Au(111)/mica and further optimized for length by Nicolò Bassi and Gabriela Borin Barin
in the nanotech@surfaces laboratory at Empa. These 17-AGNRs have an electronic band
gap of 0.19 eV as measured by STS on Au(111)116. This makes them further appealing
for electronic devices. Raman spectroscopy measurements as shown in Figure 3.10d)
revealed that the 17-AGNRs can also be transferred and show the typical GNR Raman
peaks (G, CH, D, and RBLM). The Raman spectrum was calculated with the ORCA
4.2 DFT code127 using the GGA PBE exchange-correlation functional and the def2-SVP
basis set, and numerically calculated frequencies. However, we noticed during the ex-situ
characterization using thermal annealing and Raman spectroscopy that this GNR is
particularly sensitive to heat. We assume this being caused by the zigzag ends of the
17-AGNRs that are chemically more reactive (see Figure 3.10).
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Figure 3.11 On-surface synthesis of the pyrene-GNR and its calculated
electronic properties. a) Schematic representation of the on-surface synthesis route
from a molecular precursor over a polymer phase to the pyrene-GNR. The structure
of the intermediate polymer is non-planar due to steric hindrance between neighboring
pyrene units. b) STM image of the pyrene-GNR on Au(111). c) High-resolution STM
image of a pyrene-GNR (Vs = -0.2 V and It = 120 pA) c) Non-contact-AFM image of
the area indicated by the gray rectangle in c) ( Vs = 5 mV and oscillation amplitude:
∼80 pm). e) Structural model of the pyrene-GNR shown with the relevant intramolecular
(tn) and intermolecular (tm) coupling constants used in the SSH model. a is the unit
cell length. f) SSH-derived DOS as a function of the intermolecular coupling constant
tm. The corresponding topological class is indicated by Z2. The gray line marks the
position | tm - tn |/tn = 0.1. g) Plot of the experimental dispersions of the valence band
and the conduction band of the pyrene-GNR based on length-dependent energy position
of the frontier states (red squares) using k = ±pπ/((N + 1)a). The black curve is a fit
to the experimental data using the dispersion relation of massive Dirac fermions. Figure
adapted from Sun et al. 19 .

3.5.7 Pyrene-GNRs
The large band gaps of the currently available AGNRs severely limit device performances
due to significant barriers at the contacts. The synthesis of GNRs with smaller band gaps
would hence be highly desirable. To this end, width-modulated AGNRs as described in
Sections 3.5.4, 3.5.5 and 3.5.6 of this chapter are promising candidates, because their
periodically arranged and overlapping electronic states give rise to 1D topological bands
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within the band gap of the pristine AGNR backbone.17,18

Here, the synthesis and properties of another ultralow band gap GNR are highlighted.
Via on-surface synthesis, based on readily available pyrene-based precursors, pyrene-
GNRs can be formed. A schematic representation of the synthesis route can be seen in
Figure 3.11a) and is described in detail in Sun et al. 19 . The edges of the pyrene-GNR are
partially zigzag and partially armchair, leading to a higher chemical reactivity outside
of UHV conditions than for GNRs with purely armchair edges. The integrity of the
pyrene-GNRs outside of UHV as well as after transfer to device substrates was confirmed
using Raman spectroscopy.19

The charge carriers within the pyrene-GNR behave as massive Dirac fermions since
their valence electrons represent a Su–Schrieffer–Heeger (SSH) chain close to the topo-
logical phase boundary, this means when the intra- and interdimer coupling become
approximately equal (see Figure 3.11e) and f)). This results in an ultralow band gap of
∼200 meV as confirmed by STS measurements as shown in Figure 3.11g).

3.6 Optimized substrates and measurement approaches
for Raman spectroscopy of graphene nanoribbons

Significant challenges remain for GNR processing and characterization. Herein, Raman
spectroscopy is used to characterize different types of GNRs on their growth substrate
and track their quality upon target substrate transfer.

Here, and in more detail in Overbeck 88, the fabrication and advantages of Raman-
optimized (RO) device substrates for Raman spectroscopy of GNRs are described. These
RO-substrates rely on the interference-based intensity enhancement provided by an
amorphous dielectric layer on a metal, which blocks the background of the silicon
underneath. Together with an advanced mapping approach, this results in high signal-
to-noise (S/N) ratios for several excitation wavelengths while limiting radiation damage
to the GNRs under investigation.

In Figure 3.12a), we highlight in red the spectral regions for which the Si background
masks the signal in a representative 9-AGNRs sample. To address this issue, we developed
a layered, interference-optimized substrate that is suitable for both Raman and transport
measurements.

The RO structure we designed and fabricated is shown in Figure 3.12b) and consists
of an atomic layer deposition (ALD)-grown aluminum-oxide layer patterned on optically
thick (typically 80–90 nm) metal source-drain contacting pads (labeled S/D) on a silicon
device substrate, that acts as a support and optional gate (G). The result is enhanced
optical visibility of the GNRs on top of the metal, allowing for easy identification of
film inhomogeneity and a strongly enhanced Raman intensity. This is the result of the
GNR layer being placed into the region of a field antinode, and it allows the acquisition
of spectra at much lower excitation powers or shorter integration times.

In Figure 3.12c), we show the Raman intensity of the GNR G-mode as a function
of oxide thickness for a 9-AGNR sample measured with three different excitation
wavelengths. For each wavelength, there is an optimal thickness resulting in maximum
Raman intensity. A good compromise suitable for multiwavelength investigations of
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graphene nanoribbons

Figure 3.12 Raman optimized device substrates. a) Raman spectra of 5-, 7-, and
9-AGNRs on Au (λex = 785/532/785 nm, arbitrarily scaled) compared with SiO2/Si and
9-AGNRs transferred to SiO2/Si (λex = 488 nm), scaled to the second-order Si peak. b)
Optical micrograph of an RO device substrate based on standard p-doped silicon with
thermal oxide. The layers are sketched in the lower half of the panel, corresponding
to a cross section at the dashed red line in the optical image. c) Raman intensity of
the 9-AGNR G-peak on top of an RO substrate as a function of Al2O3 thickness on a
sample with an oxide gradient. Measured with 100× objective (NA = 0.9) in air d)
Raman spectra of transferred 9-AGNRs measured in the interference-optimized region
(RO, solid lines) and on adjacent SiO2/Si (dashed lines) with different wavelengths.
Measured with 100× objective (NA = 0.9) in air, no background subtraction. Figure
adapted from Overbeck et al. 89 .

GNRs is found at an oxide thickness of about 40 nm (indicated by a vertical line).
Figure 3.12d) shows a comparison of the Raman spectra of 9-AGNRs transferred onto a
40 nm RO substrate and the adjacent Si/SiO2 substrate. Note that, these values are for
an oxide thickness of 40 nm, which is a compromise between the wavelengths available
within our laboratory and constraints from sample fabrication.

Overall, both the RO substrate and the optimized measurement approach allow for
unprecedented insight into the low-frequency modes of GNRs and demonstrated their
usefulness in monitoring GNR quality upon device fabrication as shown in later chapters
of this thesis.
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3.7 Methods used for determining the thermal
conductivity of graphene

3.7.1 Preparation of the SiN membrane

Two types of Si/Si3N4-membranes were used. First, commercially available Si/Si3N4-
membranes (Norcada Inc., NORCADA Low Stress SiNx Membrane NX5200D) were
patterned with arrays of holes of various diameters using a Gallium-FIB (FEI, Strata).
Second, silicon nitride frames are fabricated using dry and wet etch processes as described
elsewhere.128 Further a Ti/Au (5/40 nm) layer is deposited using an electron beam
evaporator to ensure thermal anchoring.

3.7.2 Synthesis and transfer of graphene

The CVD-graphene is synthesized as described here and previously.100,129,130 The single-
layer graphene samples were synthesized using a Cu metal catalyst by CVD. A 25 µm
thick Cu-foil was cleaned with acetic acid for 20 min and rinsed with DI-water and
ethanol. The Cu-foil was then heated up to 1000 ◦C inside a quartz tube under Ar
atmosphere for 3 h, and the graphene was then grown with flowing gas mixtures of
Ar:H2:CH4 = 200:20:0.1 (sccm) for 60 min. After synthesizing the graphene, PMMA
50K was coated on the graphene at 3000 RPM for 30 s. Using reactive ion etching
(Ar/O2-Plasma, 60 s) the graphene on the back-side of the PMMA/graphene/metal
catalyst was removed. The metal catalyst was then etched by floating on a 0.1 M
ammonium persulfate solution overnight. After rinsing the PMMA/graphene with
DI-water, the PMMA/graphene was transferred onto the target substrate and baked at
110 ◦C for 30 min with an intermediate step at 80 ◦C for 10 min, increasing the adhesion
between the graphene and target substrate. The PMMA was removed with acetone,
IPA followed by DI-water. For this study also graphene grown with a slightly different
recipe as reported elsewhere was used. Besides graphene grown by us, also commercially
available graphene (Easy Transfer, Graphenea, and graphene grown and transferred by
Applied Nanolayers) was used.

3.7.3 Raman setup and spectra analysis

Raman spectra were acquired with a confocal Raman microscope (WITec, Alpha 300 R)
in backscattering geometry, equipped with 100x (NA = 0.9) and 50x (NA = 0.55, long
working distance) objective lenses. The backscattered light was coupled to a 300 mm
lens-based spectrometer with gratings of 600 g/mm or 1800 g/mm equipped with a
thermoelectrically cooled CCD. The excitation laser with a wavelength of 532 nm from a
diode laser was used for all Raman measurements. The laser power was set using WITec
TruePower. The 2D-peak properties were extracted from the full-spectrum mapping
results by fitting a single Lorentzian after linear background subtraction.
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3.7.4 Temperature calibration
Measurements were carried out under ambient conditions by placing the sample on
a hotplate (Kammrath & Weiss GmbH, LNT 250). The prepared membranes were
clamped on a hot plate fixed on the piezo stage of the Raman microscope for mapping.
To ensure thermalization of the membrane, a waiting time of ∼45 min was considered
before each Raman map was acquired.

3.7.5 He-ion irradiation
For the irradiation of freestanding graphene membranes, we used a He ion microscope
(Orion, Zeiss) equipped with a pattern generator (Elphy MultiBeam, Raith) operated at
30 keV using a probe current of ∼0.5 pA at a chamber pressure of ∼7·10−5 mbar. The
ion dose was controlled by the exposure dwell time of each pixel ranging from 0.3 ms to
1.5 ms.
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4 Optimized graphene electrodes for
contacting graphene nanoribbons

Figure 4.1 Artistic illustration showing the well defined graphene electrodes
for contacting graphene nanoribbons. The left inset shows the improvement in on-
state current due to thermal annealing. The right inset shows gate dependent transport
for two devices transferred using two different methods revealing high on-off ratios.
Figure taken from Braun et al. 90

Atomically precise graphene nanoribbons are a promising emerging class of designer quantum
materials with electronic properties that are tunable by chemical design. However, many
challenges remain in the device integration of these materials, especially regarding contacting
strategies. We report on the device integration of uniaxially aligned and non-aligned 9-atom
wide armchair graphene nanoribbons (9-AGNRs) in a field-effect transistor geometry using
electron beam lithography-defined graphene electrodes. This approach yields controlled elec-
trode geometries and enable higher fabrication throughput compared to previous approaches
using an electrical breakdown technique. Thermal annealing is found to be a crucial step for
successful device operation resulting in electronic transport characteristics showing a strong
gate dependence. Raman spectroscopy confirms the integrity of the graphene electrodes after
patterning and of the GNRs after device integration. Our results demonstrate the importance
of the GNR-graphene electrode interface and pave the way for GNR device integration with
structurally well-defined electrodes.
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Contributions:
R.F. performed the graphene synthesis and O.B. transferred the graphene to the target
substrate. A.O. performed the electron beam lithography. S.M. and A.F. helped with
the determination of the gap size. G.B.B and R.D. performed on-surface GNR synthesis
and STM-imaging, providing samples and performed the GNR transfer. Electrical
measurements were performed and analyzed by the author, with help by S.K., J.O.,
M.E.A., M.L.P. and M.C.

This chapter has been adapted from Braun et al. 90
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4.1 Introduction
New classes of electronic nanomaterials often require several years to decades of research
to develop reliable electrical contacting approaches. For example, it took more than
two decades to go from the first carbon nanotube (CNT) field-effect transistors to their
successful integration into microprocessors.131–135 Similar timescales were also needed
to develop the field of semiconducting nanowires from the first reporting of Si-whiskers
to their reliable use for quantum computing.136–138 In the case of Si-nanowires, surface
passivation of the contact area and thermal annealing were found to increase device
performance significantly.139 More recently, bottom-up synthesized atomically precise
graphene nanoribbons (GNRs) have attracted a lot of attention as their electronic and
magnetic properties can be tailored by bottom-up synthesis. However, contacting GNRs
using top town fabrication processes turned out to be highly demanding, in particular,
because of their nanoscale dimensions of around 1 nm in width and lengths reaching
typically 5-50 nm.13,15,19,116,125 Standard electron beam lithography and metallization
processes have been used by several groups for contacting GNRs.13,122,140 However, these
methods involve processing and metallization on top of transferred GNRs and can
lead to the introduction of contaminants at the contact-GNR interface and/or GNR
damage. This approach is particularly problematic for GNRs with reactive and/or
functionalized edges.17,18,141,142 Alternatively, GNRs have also been transferred on top
of predefined metal electrodes.143 This approach may be suitable for GNR films in
which hopping of charge carriers over larger distances is the dominating effect on
transport properties but may lead to ill-defined 3-dimensional junction geometries when
contacting a single GNR. Furthermore, metal electrodes in short-channel devices lead to
the formation of image charges and screen the applied electrostatic gate field used to
tune the electronic transport, requiring advanced gating approaches such as ionic liquid
gating for reaching a sufficient gating efficiency.13,144–146 Finally, we expect that the
disorder of metallic electrodes at the atomic scale leads to uncontrolled local electrostatic
potential surrounding the nanoscale object, a problem that 2D covalent crystals have
the potential to overcome. The above-mentioned issues can be addressed by the use of
graphene electrodes. Graphene, with its monoatomic thickness, allows for the GNRs
to be transferred on top of the electrodes, without introducing significant bending of
the GNRs bridging the source and drain electrodes. The π-π orbital overlap is widely
used for contacting two-dimensional materials147,148 and the charge carrier density in
the graphene leads can be tuned by electrostatic gating. Graphene electrodes fabricated
using the well-established electrical breakdown procedure result in gaps separating the
electrodes by a few nanometers and are a suitable way to contact graphene nanoribbons
of various types.15,19,30,107,149,150 However, inherent geometric variation in such electrodes
requires particular care during data analysis. This is necessary to disentangle the signal
of the material under study from the direct tunneling current contributions, potential
localized lead states, and to exclude reconnected graphene electrodes or connected
graphene islands.29,110,112,151 Moreover, the long fabrication time of each gap impacts
the scalability of this approach. Here, we report on graphene electrodes fabricated
by electron beam lithography using the combination of an optimized etch mask and
etching recipe, which results in electrode separations down to <15 nm. This clean and
well-defined electrode geometry helps to overcome the challenges emphasized above
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and represents an appealing platform to contact GNRs with a length of length above
15 nm. Moreover, the availability of large-scale graphene produced by chemical vapor
deposition allows us to fabricate up to 1′680 devices per chip. We demonstrate the
suitability of our nanofabrication approach by integrating atomically precise 9-AGNRs
in a field-effect transistor device.115 9-AGNRs are the ideal testing material due to
their long-term stability and their well-studied transport properties.123,126 In addition,
we show that thermal annealing is an efficient way to enhance the electrical device
properties leading to an increase in the on-state current of up to an order of magnitude
at room temperature. Moreover, our gate-dependent electrical transport measurements
show on-off ratios reaching values as high as 104. The results obtained in this work
open perspectives for the integration of different types of GNRs in more complex device
geometries.

4.2 Graphene electrodes and electronics

4.2.1 Graphene patterning

To define graphene electrodes, graphene on Si/SiO2 with predefined metal electrodes
and optimized areas for Raman spectroscopy is patterned by EBL as detailed below.
Two exposure steps (100 kV write mode, EBPG5200, Raith GmbH) are done, each
followed by an RIE step.88 For the first exposure step, the sample with graphene is
spin-coated with 160 nm thick PMMA 50K (AR-P 632.06, Allresist GmbH) and 90 nm
thick PMMA 950K (AR-P 672.02, Allresist GmbH), each baked at 180 ◦C on a hotplate
for 5 min. Following a first electron beam exposure, the resist is developed in Methyl-
isobutyl-ketone (MIBK):IPA (1:3) at room temperature for 60 seconds. RIE (15 sccm
Ar, 30 sccm O2, 25 W, 18 mTorr) for 30 s is used to remove the accessible graphene.
PMMA is removed using acetone, IPA, and N2 dry blow. After this prepatterning of
the graphene, a second EBL and RIE step (same etching plasma parameters as above,
time reduced to 6 s) are carried out to separate the graphene electrodes. Two different
approaches for the fabrication of etch masks were investigated:

i) CSAR mask: In the first approach, a 60 nm thick CSAR resist (AR-P 6200.04,
Allresist GmbH) is spin-coated. Following the second electron beam exposure, the
resist is developed using a suitable developer (AR 600-546, Allresist GmbH) at room
temperature for 1 min followed by an IPA rinse. After RIE, the etch mask is removed
by immersing in 1-Methyl-2-pyrrolidinone (NMP, Sigma Aldrich) at room temperature
for 10 min followed by 60 min at 80 ◦C, cooled down for 30 min, rinsed with IPA, and
blown dry with N2.

ii) PMMA mask and cold development: In the second approach, a 60 nm thick layer
of PMMA 950K (AR-P 672.02, Allresist GmbH) diluted in anisole (1:1) is spin-coated.
The development of the resist after electron beam exposure is done in MIBK:IPA (1:3)
at 2 ◦C for 45 s followed by an IPA rinse at 2 ◦C for 10 s. After RIE the etch mask is
removed in the same way as after the first RIE step.

Both approaches yield clean and well-separated graphene electrodes with reproducible
gap sizes (see Subsection 4.3.2 and Appendix 4.4).
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4.2.2 Graphene electrode separation
The separation of graphene electrodes (gap size) is assessed using scanning electron
microscopy (SEM) (Helios 450, FEI) and atomic force microscopy (AFM) (Icon, Bruker)
to independently determine the electrode separation. The AFM is equipped with a sharp
cantilever (tip radius = 2 nm) (SSS-NCHR-20, Nanosensors) operated in soft-tapping
mode. The electrode separation by AFM is determined via a Python script, based on the
nanoscope library. Each line scan is smoothed individually using a Savitzy-Golay filter
and the edges of the gap are determined by selecting the local maxima and minima in the
first derivative on either side of the gap minimum. It was not possible to apply the same
procedure to the SEM data due to the low contrast between the graphene and the SiO2
of the target substrate and the small separation of the graphene electrodes. Therefore,
the average and standard deviation are obtained from 20 manual measurements that
are equally spaced along the gap.

4.2.3 Graphene quality after patterning
The patterned graphene electrodes are analyzed in air by 2D Raman mapping (Al-
pha300R, WITec) using a 488 nm incident laser beam at 1.5 mW and a 100x objective
(NA = 0.9) with a pixel spacing of 100 nm.88

4.2.4 Electronic measurements
All electronic measurements are performed under vacuum conditions (<10−6 mbar) in
two different probe stations.

The FETs consisting of aligned GNRs using the polymer-assisted transfer are char-
acterized in a custom-built probe station equipped with nanoprobes (miBot, Imina
Technologies SA). A data acquisition board (USB-6289, National Instruments) is em-
ployed to apply the bias and gate voltages and read the voltage output of a custom-made
I–V converter (Model SP983, Basel Precision Instruments GmbH).

The FETs consisting of GNRs using the polymer-free transfer method are characterized
in a commercially available probe station (Lake Shore Cryogenics, Model CRX-6.5K). A
data acquisition board (ADwin-Gold II, Jäger Computergesteuerte Messtechnik GmbH)
is employed to apply the bias and gate voltages and read the voltage output of the I–V
converter (DDPCA-300, FEMTO Messtechnik GmbH).

4.3 Results and discussion

4.3.1 Graphene electrodes
The fabrication process yielding graphene electrodes for contacting graphene nanoribbons
is illustrated in Figure 4.2 and described in detail in the Section 4.2.

We stress that for etching nanogaps into graphene the interplay of the used etch masks,
their removal, as well as the chosen etching parameters, plays an even more crucial

The nanoscope library source: https://github.com/jmarini/nanoscope, October 2020
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Figure 4.2 Fabrication procedure and electrical measurement configura-
tion. Three-dimensional illustration describing the fabrication steps of the EBL-defined
graphene electrodes. The resist regions exposed during electron beam lithography are
marked with darker colors. Arrows indicate fabrication order. The electrical measure-
ment configuration is schematically shown in the last, slightly larger, illustration. See
main text for details. Figure taken from Braun et al. 90

role in obtaining the wanted feature resolution than for evaporated features. First, it
is crucial to split the resist exposure by electron beam into two steps to ensure the
proximity-effect while writing the coarse features does not affect the sensitive exposure
of the nanogap. For the second exposure, we use a beam step size of 5 nm and beam
current of 3 nA resulting in a beam diameter of 5 nm. Second, for the first RIE step
to pattern the coarse features, a double layer etch mask is employed that helps reduce
contaminations on graphene by using a low molecular weight resist in direct contact with
the graphene and a high molecular weight resist on top for high contrast and feature
definition. We note that the undercut in the double layer resist does not pose a problem,
as the feature sizes in this first RIE step are not critical. For the second RIE step,
an undercut is unwanted since it would result in a larger electrode separation. The
smallest graphene electrode separation (<15 nm) is achieved using CSAR resist, due
to its excellent performance in terms of resolution, sensitivity, and etch resistance.152

Third, we emphasize that the duration of the second RIE step has to be short enough
to avoid a sideways etching of the resist mask but long enough that the monolayer
graphene is fully etched. This trade-off leads to a delicate balance between device yield
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and electrode separation. Last, the removal of the etch mask has to be done using
processes that are sufficiently mild to preserve graphene’s quality but sufficiently harsh
to leave little residues on the electrodes. We, therefore, employed only acetone and NMP
since their effects on graphene’s quality are well studied.101,153–155 Since the used GNR
growth substrates do not exceed 5×5 mm in size, after fabrication the chip is broken
into smaller pieces with 100-200 devices each before the GNRs are transferred to the
target substrate.

4.3.2 Characterization of patterned graphene electrodes
Before the electrode separation is assessed, an optical inspection of the graphene elec-
trodes is carried out. Graphene electrodes containing graphene folds in the central region
or those damaged during the fabrication process are excluded from further investigation.
A typical optical image of the graphene electrodes can be seen in Figure 4.3a). The
electrode separation is assessed by SEM and AFM and representative scans are shown in
Figures 4.3b) and c), respectively, with the extracted gap sizes displayed in Figure 4.3d).

We find that the graphene electrodes fabricated with the CSAR etch mask (see
experimental section) are separated by <15 nm for the smallest designed geometry.
The fabrication method using the PMMA etch mask yields a slightly larger electrode
separation of ∼27 nm in the smallest case (See Appendix 4.A.). Hence, these electrodes
are only used for the uniaxially aligned 9-AGNRs to have high device yields. Figure 4.3d)
also shows that the measured electrode separation for the CSAR etch mask does not
scale linearly with the width of the gap in the design. We attribute this behavior to the
proximity-effect correction procedure that is applied for the exposure dose calculation.
For a successful device integration of GNRs, we consider it important to have graphene
electrodes with little to no defects after patterning. Raman spectroscopy maps confirm
the high quality of the graphene electrodes after processing (see Figure 4.3e). The
D-band intensity map shows negligible intensity in the pristine area and an intensity
increase at the edges and in the nanogap region. Raman spectroscopy further revealed a
clear drop in the intensity of the G- and 2D- bands where the graphene electrodes are
separated, indicating a lower amount of carbon and breaking of the crystal structure.
The 488 nm excitation source was chosen to reach a minimal laser spot size for the
best spatial resolution. The high graphene quality was also confirmed by measuring
the current versus applied gate voltage of a reference device that underwent the same
fabrication procedure except for the 2nd RIE step, revealing field-effect mobilities of
∼2′500 cm2/Vs for electrons and ∼1′800 cm2/Vs for holes (see Chapter 3). We optically
assessed 91 devices for the two transfer methods based on which we excluded 24 devices.
After the initial optical assessment and before the 9-AGNR transfer, each device is
characterized electrically. A schematic illustration of the electronic wiring for the latter
is depicted in figure 4.4 a). As shown in figure 4.4 b) a high yield of clearly separated
graphene electrodes (>1 TΩ) of 79.1 % is found. The remaining 20.9 % of graphene
electrodes are either weakly (<1 TΩ) or fully connected (<1 GΩ). Representative I-V
characteristics for the three cases are shown in Figure 4.4c). Possible explanations for
the poorly formed nanogaps may include the presence of (partially etched) multilayer
graphene at the constriction and contamination during/after processing. These devices
are not investigated further.
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Figure 4.3 Electrode separation of devices fabricated using CSAR mask. a)
Optical image of a representative device. The central region of the same device is shown
in b) an SEM image and in c) a height profile (AFM scan) including a line cut through
the central region (red) showing the electrode separation. d) Electrode separations
measured by SEM and AFM for four devices with different gap sizes. e) Raman intensity
maps for D-, G- and 2D-bands in the area indicated with a black square in a) and
spectra extracted at representative positions. Figure taken from Braun et al. 90

4.3.3 Electrical characterization and effect of annealing
After the initial characterization of the devices, 9-AGNRs were transferred on top of the
graphene electrodes. Figure 3.7 shows high-resolution scanning tunneling microscope
(STM) images of 9-AGNRs on the growth substrates presenting their alignment. We
note that the growth and transfer methods were adapted to the gap size. For the
devices fabricated using the PMMA mask (gap size ∼27 nm), uniaxially aligned GNRs
were transferred oriented perpendicular to the gap to maximize the chance of bridging
both electrodes. For the devices fabricated using the CSAR mask (gap size <15 nm),
based on geometrical considerations, we anticipate a higher probability of bridging
that allows for investigating non-aligned 9-AGNRs transferred using a polymer-free
method. In both cases, the integrity of the 9-AGNRs after the transfer process was
confirmed by Raman spectroscopy (see Appendix 4.4). In particular, the presence of
the longitudinal compressive mode (LCM) is strong evidence for the high quality of the
9-AGNRs after the transfer process due to its high sensitivity to structural damage.89

Figure 4.5a) shows typical I-V characteristics recorded at room temperature under
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Figure 4.4 Electrical characterization of electrode separation .a) Illustration
of the electrical measurement scheme for characterizing the separation of the graphene
electrodes. b) Statistics on electrode separation by optical and electrical assessment. c)
I-V characteristics of three representative devices before 9-AGNR transfer Figure taken
from Braun et al. 90

vacuum conditions (<10−6 mbar) on different devices fabricated using the two transfer
methods. We observe highly nonlinear I-V curves with currents up to 0.5 nA at 1 V bias
voltage. The inset presents a schematic of the device and the electrical characterization
scheme. To improve the maximum currents through the devices, we investigated the
effect of thermal annealing. As the transfer of the 9-AGNRs onto the target substrate
exposes the graphene to humidity and even water in the case of the polymer-assisted
transfer, the samples were heated to 150 ◦C for 30 minutes at 10−6 mbar to remove
water residues at the graphene/GNR interface. The heating also provides energy for
local geometric rearrangements. To evaluate the benefit of this thermal treatment,
the maximum currents observed at a gate voltage of 0 V and a bias voltage of 1 V
are compared before (as transferred, Itransferred) and after thermal annealing (Iannealed).
Figure 4.5b) shows a scatter plot of the ratio Iannealed/Itransferred for all devices. In all
samples, an increase by one order of magnitude or higher in 50 % of the devices is
observed, with individual junctions showing an increase as high as a factor of 100.
During annealing, several processes can take place and affect the conductance of the
junctions. By reducing the number of water adsorbates at the GNR-graphene interface,
the two nanomaterials can go into a more intimate contact, which can lead to an
increased electronic coupling similar to what has been observed for decoupled graphene
monolayers.156,157 Water removal may also result in reduced doping of the GNRs, leading
to a probing of the more intrinsic GNR transport properties, similar to what has been
reported for graphene FETs on SiO2.158,159 Studies of molecules with planar anchor
groups on graphene electrodes revealed that the binding energy to allow sliding and
bending is around 0.01 eV, significantly lower than the energy kBT (∼0.04 eV) provided
during the thermal annealing process.160–162 Hence, this energy is likely sufficient to
cause local displacement and geometrical rearrangements of the GNRs that can lead to
both improved contacts but also loss of GNRs within the junction resulting in a decrease
of overall conductance in multi-GNR junctions as can be seen by a conductance decrease
in about 20 % of the devices after annealing. We note that at the annealing temperature
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Figure 4.5 Electrical characterization of 9-AGNR based devices and annealing
effects . a) I-V characteristics of four representative 9-AGNR devices for each of the
two transfer methods before thermal annealing. b) The main panel shows the ratio of
current values measured before and after the annealing of the devices. Current increase
and decrease are highlighted in green and red respectively. Histograms of I transferred
and Iannealed/Itransferred are shown in the outer panels on the top and the right respectively.
Highlighted in blue are 50 % of the devices. c) I-V characteristics of device E were
recorded at different applied gate voltages after annealing. Inset shows the effect of
annealing on the I-V characteristics. c) Current – gate voltage dependence at fixed
bias voltage for two devices. Arrows indicate the direction of the gate sweep. The blue
dashed line indicates the noise floor of the I-V converter. The inset shows a histogram
of the on-currents. Figure taken from Braun et al. 90

used, no lateral fusion of GNRs is expected.117,149

In figure 4.5c), we measured current-voltage characteristics at various applied gate
voltages. The plot indicates slightly asymmetric characteristics with a strong gate
dependence. The presence of only little hysteresis effects between the up and down
sweep of the applied bias voltage indicates high device stability. The observed hysteresis
is attributed to the influence of trap states in the oxide.163 Figure 4.5d) shows a
measurement of the current as a function of gate voltage for two devices, recorded at
a fixed applied bias voltage of 1 V (see Appendix 4.C.). The traces show a drastic
increase of the conductance for negative gate voltages, pointing towards hole transport
through the valence band (or highest occupied molecular orbital (HOMO)).13 The
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gentle increase in conductance at positive gate voltages suggests the presence of another
transport channel entering the bias window, presumably the conduction band (or lowest
unoccupied molecular orbital (LUMO)). In the gate sweeps, we obtain maximal on-off
ratios of up to 104, with an on-current of 70 nA at a gate voltage of -100 V and an
off-current of 5 pA at a gate voltage of +40 V for the black curve in figure 4.5d). The
maximum observed values for the on-off ratios is about a factor of 100 higher than
reported by Martini et al. and El Abbassi et al. contacting 9-AGNRs using graphene
electrodes fabricated by electrical breakdown, and about a factor 50 higher than reported
by Jangid et al. for top-down fabricated GNRs.15,149,164

4.4 Conclusions
We successfully integrated 9-AGNRs in a FET geometry using graphene electrodes
fabricated via optimized e-beam lithography and reactive ion etching resulting in
electrode separations as small as <15 nm. Room-temperature electrical transport
measurements revealed nonlinear current-voltage characteristics and a strong gate
dependence. Furthermore, we found that thermal annealing improves the on-currents
after annealing by at least one order of magnitude in 50 % of the investigated devices. In
addition, we performed gate sweeps revealing on-off ratios as high as 104 with the highest
on-currents of 70 nA at a bias voltage of 1 V. The developed technology to fabricate
graphene electrodes separated by <15 nm is a major step forward towards all-carbon
electronics and offers encouraging prospects for room-temperature ambipolar 9-AGNR-
FET behavior. The presented platform could also be applied to short channel FETs using
two-dimensional materials as channel material, as reported for MoS2 or phase-change
memory devices.165,166 Importantly, this platform will allow for the integration of GNRs
of different widths as well as different edge structures for exploring more exotic transport
properties.19,167
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Appendix 4.A. SEM image of device fabricated with
PMMA mask

Figure 4.6 Scanning electron micrograph of the central region of a device made
with a PMMA etch mask. The graphene source and drain (S and D, respectively)
electrodes are separated by around 27 nm (indicated in black). White dashed line as
guides to the eye.
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Appendix 4.B. Raman characterization of transferred
9-AGNRs

Figure 4.7 Raman characterization of 9-AGNRs after transfer. Acquired
under vacuum conditions in a custom-built vacuum chamber as reported elsewhere.88 a)
Average Raman spectra acquired with 488 nm excitation on a Raman optimized area
after the transfer of 9AGNRs revealing the typical Raman bands: G, D, CH, RBLM,
and LCM.89,115,123 b) Raman spectra acquired with 785 nm excitation close to the
electrical device on SiO2 before and after thermal annealing (PreAnneal and PostAnneal,
respectively) showing no clear difference, hence showing the preservation of the GNR
integrity upon annealing. c) Polarization dependence of the 9-AGNRs G-band. The
sinus-squared fit, reveals a misalignment of the GNRs with respect to the source-drain
axis (0◦) of around 4◦. This small difference is attributed to a not identical placement
of the sample for the Raman measurements. The data after annealing is linearly scaled
in intensity for better distinction.
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Appendix 4.C. Extended gate voltage dependence data

Figure 4.8 Extended gate voltage dependence data. Current vs. gate voltage
curves at fixed bias voltage (black) including corresponding gate leakage curves of two
devices shown in the main text. GNRs transferred using a) polymer free and b) PMMA
based method. Numbered arrows indicate the direction of the gate voltage sweep.
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GNRs

Figure 5.1 Artistic illustration of an individual 5 atom wide armchair graphene
nanoribbon (5-AGNR) contacted using graphene electrodes. Visualization:
Mickael L. Perrin

This chapter presents the latest results of device integration of GNRs, contacted using
graphene electrodes. We start by motivating the use of graphene electrodes instead of
metal electrodes which allow for an integration of the GNRs in the very last fabrication step.
Transport results obtained on films of wide band gap 9-AGNRs are presented, showing a
hopping of charge carriers over distances longer than the average GNR length. This film
behavior is studied for various densities and temperatures. Next, we report on transport
measurements of 3 different kinds of low band gap GNRs of the armchair family. Finally, we
demonstrate that also GNRs with partially zigzag edges can be integrated into devices. This
is challenging since the zigzag edges are more reactive than their armchair counterpart. Due
to their edge morphology, these so-called pyrene-GNRs exhibit electronic states close to a
topological phase boundary, which additionally results in a very low band gap. We conclude
with a summary and give an outlook on where the field is heading to.

Parts of this chapter have been adapted from El Abbassi et al. 15 and Sun et al. 19 .
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Contributions:

O.B. fabricated all the devices and performed transport measurements on the 9-AGNRs
films, on the kinked-5-AGNRS, on the 17-AGNRs and, with help of J.O., on the pyrene-
GNRs. M.E.A. developed the electric breakdown technique and performed transport
measurements on 5-AGNR. R. Fu. performed CVD graphene growth with feedback from
O.B. and J.O. M.E.A. analyzed the data on the 5-AGNRs. O.B. analyzed the data on all
other GNRs. G.B.B and R.D. performed the synthesis of 9-AGNRs. G.B.B. performed
the synthesis of kinked-5-AGNRs and 17-AGNRs. Q.S. performed pyrene-GNR synthesis.
M.L.P. and M.C. provided support on the transport measurements and data analysis.
M.C. supervised the presented studies.
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5.1 Introduction
Field-effect transistors are the core of integrated circuits (IC). Their main function is to
efficiently conduct current in the on-state or block it in the off-state. State of the art
CMOS based FinFETs operate with current on/off ratios105 Ion/Ioff of 107.168 Competing
with the well-established CMOS technology would be like taking Don Quixotes stand
against the windmills.169 However, the International roadmap for devices and systems
(IRDS) points out that there is room for More than Moore, pointing towards integration
of 2D-materials and novel computing architectures.168 The integration of these novel
materials in the last possible fabrication step has lead to some drastic improvement in
the device performance and scalability, for example in MoS2.170,171 Along similar lines,
we are pushing this approach one step further by integrating the material of interest,
in our case graphene nanoribbons, at the very last step by transferring it on top of
substrates with predefined graphene electrodes.

Bottom-up synthesized GNRs have attracted considerable interest as one of these
future electronic building blocks. This mainly due to their atomic precision, which
top-down etched GNRs lack, and their tunable edge structure and width.10–12 Bottom-
up GNRs can therefore be seen as a Designer Quantum Materials, where the material
properties can be designed by selecting the appropriate precursor molecule(s). The
designed materials can vary in their band gap,16, form pn-junctions,14 quantum dots,15,
spin-chains,172 and even exhibit topologically non-trivial phases.17,18,173 Synthesized
under UHV-conditions, GNRs can reach lengths of several dozens of nanometers.125 This
allows for contacting them with electrodes that are defined by well-controlled top-town
processes. In the following, we will discuss the contacting of GNRs, which is not a trivial
task due to their nanometer-scale dimension.

GNRs that are contacted with metal electrodes suffer from performance limitations
by screening of the electric field by the electrodes.122 Additionally, the contact resis-
tances, arising from the formed Schottky barriers at the GNR/metal interface, limit the
achievable on-currents.13

Graphene is selected as a contact material due to its flatness, the π-π-stacking to
the GNRs, and, as discussed later in Chapter 6, the option to individually tune the
charge-carrier density in the electrodes and the GNRs. The charge-carrier density in
graphene is also much lower than in metal electrodes and hence cannot fully screen
the electrostatic field from the gate.27,174 Also from a material perspective, it can be
favorable to build a device with only one atomic species (if one neglects the hydrogen
termination), in particular, if it can be avoided to use heavy metal ions. The graphene
electrodes are separated by two different methods, resulting in either sub-5 nm gaps
by using the electrical breakdown technique (see Chapter 3) or d<15 nm gaps by using
electron beam lithography (see Chapter 4). The choice of electrode separation method is
based on the length L of the GNRs. Figure 5.2 illustrates the device integration process.
The illustration shows that a few processes have to work well, separately and together, to
fabricate a working device. We want to emphasize that the GNRs are always transferred
as a film. By selecting the graphene electrode separation d larger than the average GNR
length L, one can probe the film behavior, while by choosing d < L, one can assume
that the transport is dominated by single/few GNRs.

This chapter shows that using graphene electrodes, GNRs with different edges and
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Figure 5.2 Device integration of GNRs for electrical transport characteriza-
tion. a) Top: Schematic of GNRs on growth surface, here uniaxially aligned 9-AGNRs
with a medium dense coverage on Au(788). The GNR length is indicated by L. Bottom:
STM image of highly dense, nonaligned 9-AGNRs on Au(111)/mica (Vb = -1.5 V, It

= 5 pA) b) The transfer process to the target substrate is determined by the growth
process and happens via two routes. 1) PMMA assisted: Electrochemical delamination
of PMMA/GNRs from Au(788) and PMMA removal on target substrate. 2) polymer
free: GNRs/Au delamination from mica and gold etching on target substrate. c) The
target substrate has predefined graphene electrodes, separated by a distance d and are
selected with respect to L. Figure adapted from Borin Barin et al. 123 and Overbeck 88

widths can be successfully integrated into FETs and their intrinsic electronic properties
are probed. Since we always transfer films of GNRs, we start with discussing the
properties thereof, demonstrated with the example of wide band gap 9-AGNRs. The
transport properties of low band gap armchair GNRs are studied in the second section,
while in the last section we present transport results on pyrene-GNRs that are, due to
their edge structure, close to a topological phase boundary.

5.2 Transport measurements on wide band gap GNRs
9-AGNRs are the ideal material system for starting to explore the transport properties
of GNRs. This due to their long-term stability, their average length of ∼45 nm, and the
controlled growth process allowing for different densities.

5.2.1 Transport properties of 9-AGNR films
Although there is a fundamental interest in characterizing an individual graphene
nanoribbon, the on-surface synthesis approach employed in the nanotech@surfaces-
Laboratory at Empa allows only for growing GNRs at a large scale, i.e: ∼3×1011 GNRs
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Figure 5.3 9-AGNR films: device layout and temperature dependent trans-
port characterization. a) Schematic of the device including electrical measurement
configuration. b) I-V characteristics at room temperature for various gate voltages. c)
Current as a function of bias and gate voltages at room temperature. d) Arrhenius plot:
The logarithm of the electrical conductance, measured at Vg = -80 V, is plotted against
the inverse of the temperature. The slope of the linear fit to the data corresponds to
−Eact/kB according to Equation 5.1.

on a 4×4 mm growth substrate. Subsequently, in our approach, films of GNRs are
transferred on the target substrates with predefined electrodes.

Control devices with graphene electrodes separated by a much larger distance than
the average GNR length were also characterized, the device geometry is depicted in
Figure 5.3a). The graphene electrodes have a width of ∼150 µm and are separated by
10µm. In such a configuration, a hopping mechanism is expected to dominate electronic
transport.

In Figure 5.3b) and c) the room temperature transport characteristics are depicted.
Almost linear I-Vs are observed. This is similar to the results obtained on films of
Au-nanoparticles as will be discussed in Chapter 8. The shape of the I-Vs is in strong
contrast to the results presented in Chapter 4, where on 9-AGNR devices with an
electrode separation of <15 nm, S-shaped I-Vs were recorded. Interestingly, the strong
gate dependence is very similar in both cases, showing a strong increase in currents by
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0.5-0.7 MLFull Monolayer (ML) 0.2-0.3 ML
a) b) c)

20 nm20 nm 20 nm

Figure 5.4 Different 9-AGNR densities on Au(111)/mica. STM images of 3
different GNR densities recorded at room temperatures. a) Full Monolayer (ML). b)
0.5-0.7 ML. c) 0.2-0.3 ML. STM data provided by Gabriela Borin Barin.

applying negative voltages to the back gate. Since we assume hopping of charge carriers
to be the dominant transport mechanism, a strong temperature dependence is expected,
according to:175

G ∝ e
− Eact

kBT (5.1)

where G is the conductance, Eact is the hopping activation energy, kB is the Boltzmann
constant and T is the absolute temperature in Kelvin.

Motivated by Equation 5.1, one can make a so-called Arrhenius plot to determine
the activation energy. Such a plot is made by plotting the inverse temperature on
the X-axis and the natural logarithm of the measured quantity on the Y-axis. In
Figure 5.3b) the conductance of a device, consisting of a highly dense 9-AGNR film, is
plotted in an Arrhenius plot, the fit reveals an activation energy of Eact ∼230 meV. In a
classical semiconductor band diagram picture, it is possible to interpret this activation
energy further. In an intrinsic semiconductor at T = 0 K, where the Fermi energy
is in the middle of the band gap, Eact = Egap/2, where Egap represents the electronic
band gap, is valid.176 Our measured Eact would lead to an Egap= 460 meV. However,
this relation can not be applied directly to the present case. As the measurement
was done with an applied negative gate voltage and hence the Fermi energy lies closer
to the conduction band than to the valence band. Further, we only investigated the
temperature dependence of the conductance in the 200-300 K range. Below 200 K the
conductance through the high-density 9-AGNR film was below the detection limit of
our setup. These circumstances lead to the fact that the extracted Egap is only a lower
bound for the band gap of the 9-AGNR film.

To gain more insights into the hopping transport mechanism in GNR films, the density
of the 9-AGNRs is lowered. The idea is that in high-density films, a hopping of charge
carriers is more likely due to the dense package of the GNRs. By lowering the density,
at some point, the density should be so low that the charge carriers can not hop from
one GNR to the next.

Low-density films of 9-AGNRs can be achieved in a controlled way by evaporating
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a)

b)

Figure 5.5 Electrical characterization of 9-AGNR films with varying GNR-
densities. a) I-V curves measured on three devices with GNR densities ranging from
high to low at various gate voltages. Note the increased bias range for low GNR-density.
b) Same measurement as in a) plotted on a logarithmic scale. Note the varying offset.
All measurements were performed at room temperature.

less than a full monolayer (ML) of precursor molecules on the Au(111) growth substrate.
STM images of three different samples with varying 9-AGNRs densities are shown in
Figure 5.4.

After transferring these high, intermediate, and low-density films of 9-AGNRs onto
device substrates, the electrical characterization revealed quite surprising results. While
in the high-density films, linear I-Vs are observed, in the intermediate dense films, the
I-Vs, are slightly bent. In the very low-density films, an almost rectifying behavior is
observed. What all three have in common is that they conduct more when negative
gate voltages are applied to the gate. This can be interpreted that the individual GNRs
influence the hopping transport substantially. The rectifying behavior in the low-density
films might be caused by some self-gating effect due to the large applied bias voltages.
This means, by applying -10 V in bias the potential difference to the gate is only -90 V,

5

59



5 Electrical transport properties of GNRs

-1 -0.5 0 0.5 1

-0.2

0

0.2

0.4

IV 1
IV 3
IV 5
IV 7
IV 9
IV 11

Time (s) Bias voltage (V)

Cu
rr

en
t (

nA
)

Bi
as

 
vo

lta
ge

 (V
)

G
at

e
vo

lta
ge

 (V
)

a) b)
IV1 IV2 IV3 IV1 IV2 IV3

0

Vg

-Vb

Vb

3

Vg
2

Vg
1 10 20 30

0.2

0.25

0.3

Vg = -70 V
T   = 300 K

Vb = 1 V

# IV

Cu
rr

en
t (

nA
)

exp. data
fit

Figure 5.6 Charging effects in high-density films of 9-AGNRs. a) Schematics of
the multi-IV-multi-Gate measurement procedure. b) Multiple I-V characteristics were
recorded immediately after each other, after changing the gate voltage to -70 V. The
inset shows the decay of the current at a fixed bias voltage of 1 V. Note the non-linearity
in the I-V characteristics. All measurements are performed at room temperature.

while by applying +10V, the resulting potential difference is -110 V. This effect is also
present in the other two cases, but less dominant due to the higher overall currents and
lower bias voltages. Additionally, the larger variety at the contacts due to the low GNR
density can also cause some asymmetry in the IVs. To better understand the shape of
the I-Vs of the intermediate and in particular the high-density films, we investigate in
the following section potential charging effects and their evolution.

Time dependent measurements in films of 9-AGNRs

In the following, the potential charging effects on highly dense films of 9-AGNRs are
investigated. This since the as transferred high-density films of 9-AGNRs cover a large
area of 4×4 mm, it can be seen as building a plate capacitor to the gate. By gaining
insights into the charging dynamics of this capacitor, one gains insights into the present
transport mechanisms in the GNR film. The metal contact pads to the graphene are
180×180 µm, separated by 20 µm. However the dominating transport channel is 10 µm
in length and ∼150 µm in width, limited by the graphene electrodes. To study the
charging effects, we measure a set of n I-Vs and then change the voltage applied to
the gate, followed by an immediate measurement of a new set of n I-Vs and so on. In
Figure 5.6a), the schematics of this measurement procedure is illustrated for 3 I-V curves.
We call this procedure a "multi-IV-multi-gate"-procedure.

An example of the recorded I-Vs is given in Figure 5.6b), where I-Vs are shown at
room temperature after changing the gate voltage from -60 V to -70 V. A clear decay
in current can be observed by comparing the first I-V with the 11th I-V. To better
illustrate this decay, the inset shows the current at a fixed bias voltage of various I-Vs.
To model the data we apply the following exponential fit to the data:
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Figure 5.7 Temperature dependence of the current decay over time in high
density films of 9-AGNRs. a) Fitted current values of the first I-V as a function of
gate voltage and temperature. b) Decay parameter β as a function of gate voltage and
temperature.

I = A · e−β·t (5.2)
where A and β are fitting parameters and t the I-V number (each I-V takes 12 s

to measure). We do this to each set of I-Vs after changing the gate from +100 V to
-100 V, in steps of -10 V. Figure 5.7 shows the evolution of the current as well as the
fitted decay parameter β as a function of temperature. As we would have expected from
the previous results, we see a strong temperature dependence of the current. Also the
decay parameter β decreases with decreasing temperature, mainly caused by the lower
currents.

An intermediate result is that these high-density films of 9-AGNRs show lower currents
at lower temperatures and their capacitive behavior can be modeled using a simple,
time-dependent multi-IV-multi-gate measurement approach. For further modeling it
would be good to have the GNR film in a controlled shape, to take geometrical effects
into account.

5.2.2 Low-temperature measurements of 9-AGNRs with electrodes
separated by <15nm

After the investigation of the film behavior, and the room temperature characterization
of 9-AGNRs in Chapter 4, we want to study this type of GNR at low temperature. As
discussed previously, the film contribution should be suppressed at low temperatures, so
the only possible transport channel would be through GNRs that bridge the graphene
electrodes. A sample with graphene electrodes separated by <15 nm is prepared and
high-density 9-AGNRs films are transferred onto, after a subsequent annealing step as
proposed in Chapter 4,90 the sample is cooled down to 9 K.

Figure 5.8a) shows I-V characteristics at low temperatures, showing highly non-linear
behaviour. In the current vs bias and gate voltage map (see Figure 5.8b)) a strong
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Figure 5.8 Transport characterization of 9-AGNRs device at low temperature.
a) Current-voltage characteristics for various applied gate voltages. Recorded at T =
9 K. b) Current map as a function of bias and gate voltages. Recorded at T = 9 K.

gate voltage dependence is visible. Further, the absence of Coulomb blockade and
single-electron tunneling, which would give rise to sharp distinct features in such a map,
indicates that many GNRs dominate the transport mechanism. Interestingly, we see at
negative gate voltages some blocking of the current up to ∼1 V in bias voltage. This
points towards an electronic barrier being present in the current path, that has to be
overcome before a current can flow.

The type of electronic barrier is hard to determine. It could be limited by the contact
resistances formed at the graphene/GNR interface, or within the GNRs themselves by
for example bite defects126. The large band gap of the 9-AGNRs, STS measurements
revealed a band gap of 1.4 eV115, can not directly be attributed to this electronic
barrier since it would be more dominant in the gate dependence, rather than the bias
dependence. Still, the large band gap is limiting the current through the devices. In the
following we therefore turn to GNRs with lower band gaps, but initially stay within the
same armchair family.

5.3 Transport measurements in low band gap GNRs
After investigating wide band gap GNRs, we now focus on low band gap materials.
They are interesting from an electronics device perspective. To perform logic operations
a device has to change its state from a charge carrier conducting one to a blocking
state. This switching usually happens by applying a voltage(pulse) to the gate electrode.
By using a low band gap material as the active material, the required voltages can be
kept low, which is favorable for a fast operation. We turn therefore to the exploration
of low band gap GNRs. Namely long kinked 5-AGNRs, short straight 5-AGNRs, and
17-AGNRs. They all belong to the armchair-family 3p+2, which has the lowest band
gap of the armchair GNRs.31 The following subsections discuss the obtained transport
results.
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Figure 5.9 Electrical device characterization of kinked-5AGNRs. a) I-V curve
measured at room temperature. The inset highlights the linear current-voltage behaviour
in the low bias voltage regime. b) Current as a function of applied bias and gate voltages
measured at room temperature. c) dI/dV map as a function of applied bias and gate
voltages. The black regions indicate the Coulomb blockade region.

5.3.1 Kinked 5-AGNRs
Figure 5.9a) presents an I-V curve recorded at zero gate voltage on a kinked 5-AGNR
device characterized at room temperature. At a low bias voltage range, we observe a
nonzero conductance value with mostly linear behavior in the voltage range ±0.07 V,
while the current is below our detection limit before the GNR transfer (see Chapter 4).
This metal-like behavior was observed in two devices investigated at room temperature.
Beyond this regime, we observe nonlinearities in the I-V curves. Figure 5.9b) shows the
current as a function of applied bias and gate voltages (stability diagram), revealing
strong gate-dependent transport. The shape of this map points towards a Coulomb-
blockade being present at room temperature with a crossing point at a gate voltage of
around +70 V. Observing a Coulomb blockade at room temperature has been previously
reported for quantum dots carved out of few-layer graphene.110

The devices were cooled and electrically characterized at 9 K to perform a spectroscopic
characterization of the energy levels in the kinked 5-AGNRs. Figure 5.9c) presents
the differential conductance map. We observe several Coulomb blockade diamonds,
demonstrating that the kinked 5-AGNRs also behave like quantum dots at cryogenic
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temperatures. We extract the energy required to add an electron to the quantum dot
Eadd, by taking half the height of the Coulomb diamonds. We observe characteristic
addition energies in the range of 80-120 meV. Several resonances are visible, which
form the edges of the Coulomb diamonds. The edge widths depend on the thermal
energy (kBT ) and the coupling Γ of the ribbon to the graphene leads. Also, additional
resonances running parallel to the diamond edge in the SET regime at a gate voltage of
+20 V are observed. This resonance corresponds to an electronic or vibrational excited
state of the ribbons that creates an additional transport channel. The energy of this
excitation can be extracted from the graph by measuring the intersection between the
excitation lines and the edge of the Coulomb diamond and is ∼30 meV. The presence of
such excitations is commonly interpreted as a sign of a single quantum dot dominating
transport in a particular gate voltage range.145,177

Note that we can observe partially overlapping diamonds together with the absence
of a crossing point at Vg = -30 V and +30 V, suggesting that two or more GNRs
contribute to the transport.145,177 In semiconducting quantum dots formed in systems
such as two-dimensional electron gasses (2DEGs), top-down patterned graphene, or
carbon nanotubes, the addition energies are typically <10 meV, and several Coulomb
diamonds can be observed.33,178,179 In our case, the addition energies are at least one
order of magnitude larger, making the diamond structure apparent up to temperatures
as high as room temperature.

To conclude, we have demonstrated the successful integration of kinked 5-AGNRs in a
device geometry using graphene electrodes separated by <15 nm. At room temperature,
we observe a strong gate dependence with a thermally smeared-out Coulomb blockade
region. At cryogenic temperatures, we observe single-electron transistor (SET) behavior,
with addition energies reaching 120 meV. The observation of additional resonances in
the SET regime with energies around 30 meV supports the fact that transport through
the junction in a particular gate voltage range is dominated by a single quantum dot.
This validates the use of graphene electrodes to contact ultra-narrow GNRs as well as
the prospects of GNR-based electronic devices.

5.3.2 5-AGNRs
Straight 5-AGNRs are difficult to grow longer than 10 nm, this due to a different
precursor molecule/growth procedure (See Chapter 3 Materials and Methods). Hence,
we transferred films of aligned 5-AGNRS on graphene electrodes separated by the
electrical breakdown procedure, resulting in gaps <5 nm.

To perform a spectroscopic characterization of the energy levels in 5-AGNR junctions,
the devices were cooled and electrically characterized at 13 K. Figure 5.10a) and b)
show color-coded stability diagrams, recorded on devices E and F. The general aspect of
the stability diagrams reveals the formation of quantum dots in the 5-AGNR devices.
We extract the energy required to add an electron to the quantum dot as illustrated
in Figure 5.10b) for two diamonds (Esmall and Elarge correspond to half of the height of
the Coulomb diamonds). Typically, weakly-coupled quantum dots give rise to stability
diagrams exhibiting alternating small and larger Coulomb diamonds due to the interplay
between the quantum mechanical level spacing and charging energy.177 We observe
such size variations experimentally, and, following this logic, we tentatively divided the
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Figure 5.10 Electrical characterization of two devices at 13 K. a), b) Color-coded
current maps as a function of gate and bias voltage for devices E and F, respectively. c)
Differential conductance recorded on device E. The black area corresponds to a blockade
regime, while the areas with high currents are in the single-electron tunneling regime.
d) Overview table containing devices A and E-H with the corresponding addition and
excitation energies. e) Stability diagrams recorded on device A at 13, 50, 75, and 150 K.
Figure taken from El Abbassi et al. 15

diamonds into these two categories. We observe characteristic energies in the range
50-300 meV (see table in Figure 5.10d)).

Figure 5.10c) presents the differential conductance map of device E, zoomed in to
the SET region. Here, several resonances are visible (gray dashed lines) which form
the edges of the Coulomb diamonds. Some of the resonances are asymmetric upon bias
polarity inversion, which may be attributed to an asymmetric coupling to the source and
drain electrodes as a result of different overlap between the ribbon and the two leads.
Also, an additional resonance (white dashed line) running parallel to the diamond edge
in the SET regime is observed. We do not consider non-closing and irregular Coulomb
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diamonds that may be related to the signature of several ribbons bridging the gap. The
extracted excitation energies are listed in Figure 5.10d) for all devices, all lying in the
range from 60 to 100 meV.

Note that in device F (Figure 5.10b)), we can observe partially overlapping diamonds
together with the absence of a crossing point at Vg = -35 V, suggesting that two
or more GNRs contribute to the transport.145,177 Figure 5.10e) shows four stability
diagrams between 10 and 150 K on device A in the gate voltage range of -70 to -50 V.
The plots show a crossing point around -63 V, where the diamond edges meet. Upon
increasing the temperature, the resonances running along the diamond edges broaden,
until about 150 K, where thermal broadening is sufficient to blur the diamond shapes.
The large addition energies in our system limit the number of diamonds visible in the
experimentally accessible gate range. For some devices, only a lower boundary on the
addition energy can be set (for instance, about 300 meV for the right diamond in device
E).

To conclude, we have demonstrated the successful integration of short 5-AGNRs in a
device geometry using sub 5 nm graphene junctions. At room temperature, we observe
linear, metal-like I-V curves. This indicates that the band gap of the 5-AGNR is very
small, which qualitatively agrees with DFT calculations and STM measurements. At
13 K, we observe single-electron transistor behavior, with addition energies reaching a
few hundred meV. Our first-principles transport calculations (see El Abbassi et al. 15)
attribute this small energy gap to the finite size of the ribbons, and the resulting presence
of end states at the two termini of the ribbon. Finally, the observation of additional
resonances in the SET regime with energies around 70 meV supports the fact that
transport through the junction in a particular gate voltage range is dominated by a
single quantum dot.

5.3.3 17-AGNRs
The relatively large width of the 17-AGNRs as well as their belonging to the 3p+2-
family of armchair graphene nanoribbons gives rise to a low band gap of 0.17 eV.116

This makes this type of GNR favorable for integration and exploration of its transport
properties in FET-geometry. Room temperature measurements revealed an S-shape of
the I-V-characteristics with source-drain currents reaching the nanoampere range at an
applied bias voltage of 1 V (see Figure 5.11a)). A thermal annealing step as proposed
by Braun et al. 130 , which for 9-AGNRs lead to an improved device performance due to
mainly local rearrangements and removal of water at the GNR/graphene interface, was
not possible. This since a degradation of the 17-AGNRs upon thermal annealing was
observed and verified using Raman spectroscopy. (See Appendix 5.A.). Figure 5.11b)
shows a histogram of 13 measured 17-AGNR-devices. Due to the non-linearity of
the I-Vs, the resistance values were extracted at an applied bias voltage of 1 V. The
spread in resistance values can be explained by the device to device variations caused by
variations in the GNR film (orientation of GNRs, holes, . . . ) or slightly varying electrodes
(amount of bilayer, folds, wrinkles, contaminants, . . . ). The applied gate voltage had
little to no effect on the recorded I-V characteristics as it is shown in Figure 5.11c)
for a representative device. At low temperature, the I-V characteristics become highly
non-linear and as can be seen from the differential conductance map revealed Coulomb
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Figure 5.11 Electrical characterization of 17-AGNR devices. a) Current-voltage
(I-V) trace of a typical device at 300 K. The inset shows the schematic of the device and
measurement layout. b) Histogram of the room temperature device resistance for all
17-AGNR devices extracted at a bias voltage of 1 V due to the non-linearity of the I-V
curve. d) Differential conductance dI/dV map of the device in a) at room temperature.
d) I-V trace of the same device as in a) recorded at 9 K. e) dI/dV map as a function
of applied bias and gate voltages. The black region indicates the Coulomb blockade.
White dashed lines are guides to the eye.

blockade and single-electron tunneling regimes (see Figures 5.11d) and e)). Although at
an applied gate voltage of -9.7 V the observed Coulomb blockade diamonds almost close,
most of them do not. This observation can be interpreted that somewhere in the current
path is a barrier. The extraction of what type of barrier is hard and would mainly be
speculation. However, that many sharp features (a few are indicated by white dashed
lines) in the dI/dV map can be observed leads to the conclusion that electronic transport
happens through various channels, meaning that several 17-AGNRs are probed at the
same time. The controlled graphene electrode geometry suggests that the contributing
transport channels through 17-AGNRs can be seen as in parallel.

The observed results at room temperature are in agreement with what has been
observed for other low band gap GNRs where also no strong gate dependent transport
has been observed.15,19
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5.4 Transport measurements in GNRs near a topological
phase boundary

In bottom-up synthesized GNRs with varying edge shapes, one can speak of several
segments of the GNR. If the electronic inter-segment coupling is smaller than the intra-
segment coupling, the GNR is in a topologically trivial phase and acts as an interconnect.
However, if the inter-segment coupling is larger than the intra-segment coupling, the
electronic segments are connected in a chain, forming a unique band structure. This
quantum state is then topologically protected. In Gröning et al. 18 , an similar in Rizzo
et al. 17 the synthesis of such GNRs is reported. However, these GNRs have in parts
zigzag edges which are more reactive, what makes it challenging for the exploration
in a FET geometry including processing under ambient conditions. In Sun et al. 19

we reported on a pyrene-GNR that is near such a topological phase boundary. In the
following the transport results are highlighted.

5.4.1 Pyrene-GNRs
The small but finite band gap of the pyrene-GNR calls for exploring its performance in
an FET configuration. The first step towards device integration is to demonstrate the
robustness of pyrene-GNRs under ambient conditions. We use Raman spectroscopy to
verify the structural integrity of the ribbons after exposing them to air (see Sun et al. 19

for Raman spectra).
The pyrene-GNRs are integrated into FET devices in order to probe their electrical

properties by measuring the current as a function of both the bias and gate voltage. Due
to the relatively long length of the pyrene-GNRs of about several dozens of nanometers,
the GNRs were transferred onto graphene electrodes separated by an electron beam
lithography processes as described in Chapter 4, resulting in <15 nm gaps. Figure 5.12a)
I-V characteristics of a typical device recorded at room temperature are shown.

At room temperature, we observe a linear dependence of the current on the applied
bias voltage, and a negligible dependence of the applied gate (see Figure 5.12). We
attribute this quasi-metallic behavior to the small band gap of the pyrene-GNR. This
was the case in all 21 measured devices. We therefore extracted the resistance values at a
fixed bias and gate voltage, revealing strong device to device variations. Reasons for this
could be non-aligned GNRs, transport dominating GNRs having different orientations to
the source-drain axis, substantially varied overlap between the graphene electrodes and
the GNRs, as well as local contaminants having significant influence on the transport
characteristics.

The transport measurements at low temperatures on as-transferred pyrene-GNRs
revealed no well defined features (see Figure 5.12c)). To improve the device performance
by local rearrangements we also applied a thermal annealing step as described in
Chapter 4. This step, however, is more delicate than in the case of 9-AGNRs, since the
pyrene-GNRs have partially zigzag edges which are more reactive than purely armchair
edges.

Although some sharp(er) features are visible in the low temperature transport mea-
surements after thermal annealing (see Figure 5.12d)). The observed Coulomb blockade
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Figure 5.12 Electrical characterization of pyrene-GNR contacted with e-beam
gaps. a) I-V characteristics of a typical device at various applied gate voltages, recorded
at 300 K. b) Histogram of the room temperature resistance of 21 devices at Vb = 0.5 V
and Vg = 0 V. c) dI/dV-map as a function of applied bias and back gate voltages of
a device recorded at 9 K. d) dI/dV-map as a function of applied bias and back gate
voltages of a device after thermal annealing recorded at 9 K.

diamonds do not close completely, pointing towards an electronic transport barrier
being present in the system. This is attributed to kink defects in the pyrene-GNRs that
occur on average every 5-10 nm and are predicted to disrupt the transport channels (see
Appendix 5.5).

We hence transferred pyrene-GNRs on nanogaps that are formed by electrical break-
down of a 400 nm wide prepatterned graphene channel, resulting in electrode separations
of only a few nanometers (see Chapter 3 for details on the electrical breakdown tech-
nique).30,106 As the nanogap size is smaller than the average length of straight ribbon
segments (see Figure 5.15), this allows us to probe transport properties we deem to be
representative of the intrinsic ribbon properties.

Figure 5.13c) displays transport measurements at low temperature (9 K). In the I–V
curves, we observe Coulomb blockade of charge transport at low bias voltages. The
onset of current at higher bias voltages is tunable via the applied gate voltage. This
is attributed to transport channels of the pyrene-GNRs entering the bias window. We
observe currents of up to 10 nA at a bias voltage of 0.7 V which we assume to be
limited by coupling of the graphene electrodes to the pyrene-GNR channel. Figure 5.13d)
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Figure 5.13 Electrical characterization of pyrene-GNRs contacted with elec-
trical breakdown gaps. a) Current-voltage traces before and after transfer of
pyrene-GNRs on predefined electrodes. b) Current-voltage traces of a pyrene-GNR
device at room temperature and various applied gate voltages. c) Current-voltage traces
at multiple selected gate voltages for a device recorded at 9 K. The gate voltages at
which these curves were recorded are marked with arrows in panel d). The inset shows
the schematic of the device and measurement layout. d) dI/dV-map of the device in c)
as a function of applied bias and back gate voltages. Gate-bias ranges showing blocked
charge transport are observed. White dashed lines are guides to the eye. Figure adapted
from Sun et al. 19

shows the corresponding charge stability diagram (differential conductance dI/dV as
a function of bias and gate voltages) in which diamond-like features are visible.180,181

These Coulomb diamonds are characteristic of weakly coupled quantum dots, while
the presence of multiple overlapping diamonds suggests that transport occurs through
several pyrene-GNRs.182 The observed blockade regions range from ∼0.2 to ∼0.75 V
bias. This agrees well with the range of transport gaps expected for pyrene-GNRs if one
uses the GW approximation to account for electron-electron interaction, the insulating
substrate and the range of observed ribbon lengths.
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GNR type 5 5,
kinked 9 17 pyrene

Armchair family 3p+2 3p+2 3p 3p+2 -
Band gap DFT (eV) 0.4331 0.4331 0.7331 0.1331,116 0.1819

Band gap STS (eV) 0.85118

0.29 a 0.85 1.40115 0.17116 0.2319

Range of addition energy (eV) 0.1 -
0.315

0.08 -
0.12

0.03 -
0.15b

(0.7 -
1.0)c

0.2 -
0.719

Table 5.1 Overview of electronic properties of measured GNRs.
aEnd-states within the band gap as reported by Lawrence et al. 118
bIn multi-gate geometry, see Chapter 6.
cNo closing diamonds observed.

5.5 Conclusion and outlook
To summarize, we have shown that graphene electrodes can be used to probe the electronic
properties of GNRs of various width and edge structures. Transport measurements
on films of 9-AGNRs revealed a strong temperature and density dependence. Using
temperature- and time-dependence measurements we showed that at high temperatures
a different transport mechanism is at play than at low temperatures. Measurements
at cryogenic temperatures showed that in low band gap GNRs quantum dot behavior
is observed. Using spectroscopy we extracted addition energies of several hundreds of
millielectronvolts. The transport results for devices where only few GNRs were contacted
are presented in Table 5.1.

We see that the results on the 5-AGNRs, 17-AGNRs, and pyrene-GNRs are in good
agreement with the results obtained by other means and the theoretical prediction. On
the kinked 5-AGNRs and the 9-AGNRs the obtained energies show some discrepancies
to the predicted value. Potentially, the transport is limited by the present kink defects
and could be overcome by using the electrical breakdown gaps, probing only the straight
segment, similar as in the case of the pyrene-GNRs. The overall quantum dot behavior
at low temperatures leads to the conclusion that the picture of a 1D-transport through
GNRs has to be revised and rather the picture of an electronic island is confirmed.
Further, the large addition energies have shown to allow for observing quantum dot
behavior at room temperatures. This might be used for applications in future electronic
devices or in the field of energy harvesting.

However, if the electronic barriers at the graphene/GNR interface could be reduced,
the picture of GNRs as 0D objects might be revised. A possible way could be by
introducing add-atoms at this sensitive interface, similar as it was shown theoretically,
to improve the transmission of carbon nanotube networks.183 Having only a global gate
certainly limited the presented studies. In particular, a tuning of the charge carrier
density in the graphene leads is of great interest. The controlled positioning of the gap
in the graphene using electron beam lithography allows for probing GNRs with advanced
gating geometries. This will be further discussed in Chapter 6. Further, the surface
effects should not be underestimated. As we have seen in Chapter 4, thermal annealing

5
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can drastically improve device performance. This is in agreement with results obtained
on graphene, where protection from the environment using encapsulation with hexagonal
boron nitride led to drastic improvements in the device quality.20,184 In Chapter 7,
preliminary results in this direction are presented and discussed.

Overall, we see that contacting GNRs is challenging, and also that the here presented
results indicate that graphene-based platforms can serve in the exploration and probing
of novel GNRs exhibiting exciting physical properties.
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Appendix 5.A. 17-AGNRs: Annealing effects

Figure 5.14 Raman characterization of transferred 17-AGNRs on device
substrates. Visible are the sharp separation of the peaks in the CH/D-region (1200-
1450 cm−1) before thermal annealing at 200 ◦C for 2 h, and their shape after thermal
annealing. The inset shows Raman spectra acquired with different laser powers, leading
to a local thermal annealing and hence indicating a similar degradation.
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Appendix 5.B. pyrene-GNRs: Additional data
Appendix 5.B.1. kink defects in pyrene-GNRs
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Figure 5.15 Kink defects in pyrene-GNRs. a) high-resolution STM image of a
pyrene-GNR recorded at liquid helium temperatures. b) non-contact AFM image of
a kink in the pyrene-GNR (indicated by red circles in a)). c) Chemical structure of a
pyrene-GNR around a kink. The pentagon ring (indicated with a red arrow) causing
the kink of the pyrene-GNR. Figure provided by Qiang Sun.
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Appendix 5.B.2. Additional transport measurements on pyrene-GNR
devices

Figure 5.16 Electrical characterization of additional pyrene-GNR devices. a)
Device 2. Left: Electrical characterization of the device before and after the electrical
breakdown process at 9 K and 300K. The I-V characteristic before transfer indicates an
empty gap. Right: dI/dV of the stability diagram recorded at 9 K b) Device 3. Same
electrical characterization as described in a). Figure taken from Sun et al. 19
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6 Multi-gate quantum dots from
9-atom-wide armchair graphene
nanoribbons

Figure 6.1 Abstract illustration of a multi-gate GNR FET device with its
energy landscape. The finger gate has the strongest influence on the GNRs. The side
gates influence mostly the graphene electrodes and also to some extent the GNRs.

Atomically precise graphene nanoribbons (GNRs) have attracted much interest due to
their largely modifiable electronic properties, all tailored by controlling their width and edge
structure during the chemical synthesis. In recent years, the exploitation of GNR properties for
electronic devices has focused on their integration into field-effect-transistor (FET) geometry.
However, such FET devices, due to the presence of a single gate, have limited electrostatic
tunability. Here, we report on the device integration of 9-atom wide armchair graphene
nanoribbons (9-AGNRs) into a multi-gate FET geometry. We use high-resolution electron
beam lithography to define local gates as close as 15 nm and combine them with graphene
electrodes to contact the GNRs. Low temperature transport spectroscopy measurements
reveal quantum dot (QD) behaviour with addition energies of ∼65 meV. The controlled
tuning of the charge carrier density in the graphene electrodes and a separately tunable finger
gate below the channel region lead to an improved gate coupling to the 9-AGNR-QDs. This
experimental realization of advanced gating strategies paves the way for novel GNR-based
electronic building blocks.
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Contributions:
O.B., J.O., J.Z., M.L.P. and M.C. conceived the experiments. J.Z. and O.B. fabricated
the devices and performed the measurements with help from M.P. The data analysis was
done by J.Z. with input from O.B. M.L.P. and M.C. J.O. and M.P. did the finite-element
calculations. K.M. provided precursor molecules. G.B.B. and R.D. synthesized GNRs
under supervision by P.R. and R.F.. M.S. carried out SEM and TEM analysis. A.O.
did the EBL. M.C. supervised the study.
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6.1 Introduction
Bottom-up synthesized GNRs have attracted considerable interest as one of these future
electronic building blocks. This is mainly due to the fact their chemical structure can
be controlled with atomic precision, a property which top-down etched GNRs lack.10–12

Bottom-up synthesized GNRs can therefore be regarded as a Designer Quantum Material,
where the material properties can be designed by selecting the appropriate chemical
precursors and synthetic routes. As such, one can vary their band gap,13 form pn-
junctions within a heterogeneous single ribbon,14 form quantum dots15 and even exhibit
topologically non-trivial phases.16–19 However, many challenges remain in the device
integration of these materials, especially regarding contacting and gating strategies. To
date, trivial armchair graphene nanoribbons of different widths have been contacted,
either using metal electrodes13 or graphene electrodes15,90,149. Moreover, only field-effect-
transistor devices with a single gate have been implemented. For more advanced device
functionalities additional control over the electrostatic landscape of the device would
be highly desirable, in particular for ultrashort transistors185, or for the definition of
multi-quantum dot systems. Given the small size of the GNRs, this requires a very
high control over the fabrication of the gates, the electrodes, and the alignment between
them.

Here, we report on the integration of GNRs into a multi-gate field-effect transistor with
graphene electrodes. Our approach consists of a narrow finger gate and two additional
side gates, which yields improved gating capabilities allowing for the individual tuning of
the electrostatic potential in the nanogap and the charge carrier density in the graphene
electrodes. The narrow gate is ∼10 nm in width, leading to a gated channel length
<15 nm, fabricated using CMOS-compatible processing steps. The graphene electrodes
are defined using EBL, allowing for exact control of the nanogap position and a proper
alignment with the underlying gates. This is in contrast to electrodes created using
the electric breakdown procedure that has been commonly used for graphene.15,19,30,107

Moreover, our fabrication protocol allows for the integration of the GNRs at the very
last stage of device fabrication. Similar approaches with the sensitive material as
final step have been shown to lead to major improvements in the device performance,
as demonstrated for example for MoS2.170,171 The design of the devices is supported
by finite-element method (FEM) calculations for optimizing the various geometrical
parameters and maximizing the effective potential at the GNRs. Furthermore, low-
temperature transport spectroscopy measurements reveal quantum dot (QD) behaviour
with addition energies of ∼65 meV, and transport characteristics that are tunable using
the two side gates. The presented results are a major step forward to the successful
device integration of atomically precise graphene nanoribbons and pave the way for
exploration of GNRs with more exotic edge structures.

6.2 Device design and fabrication
A schematic of the proposed device architecture is shown in Figure 6.2A. The finger
gate (FG) with nanometer scale dimensions is patterned under the 9-AGNRs junction,
while two side gates (SG1 and SG2) are defined under the source and drain graphene
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Figure 6.2 Multi-gate 9-AGNRs quantum dot device. (A) Artistic illustration of
the device. The schematic circuit diagram indicates which terminals are used to apply
the voltages and measure the current. (B) False-colored SEM image of a device prior
to GNR transfer showing FG (red), SG1 and SG2 (turquoise) below graphene (white
dashed line). (C) High resolution TEM cross-section trough a device revealing the FG
size and the separation to the sidegates. (D) Schematic drawing of the electrostatic
landscape.

electrodes, respectively. We use HSQ as a resist to define the etch mask. This resist
turns into SiO2 after EBL exposure and development leading to a very etch resistive
mask. A subsequent Ar+-ion milling step transfers the etch mask feature to the metal
film, separating the finger from the side gates. This process leads to very sharp features
as it is not limited by grain sizes or artificially enhanced edges as is common when using
electron-beam evaporation with lift-off processes. This results in a finger gate with a
width of 10-15 nm and length of 500 nm. The nanometer scale dimension of the FG
(< d) creates an ultra-short effective channel length while minimizing parasitic gate
to source-drain capacitance. The 9-AGNRs junction is electrically isolated from the
metal gates using a 30 nm thick aluminum oxide (Al2O3). The device is fabricated on a
highly doped silicon (Si) carrier chip with a 285 nm thick silicon dioxide (SiO2). The Si
substrate serves as a global back gate (BG). The graphene electrodes are separated by
a nanogap formed with high-resolution patterning using electron-beam lithography, as
reported in Chapter 4.90 Here the electrode separation d is set to be ∼15 nm in order to
eliminate a direct tunneling current between the electrodes. In Appendix 6.4 a more
detailed description of the fabrication process is given.

We note that the interplay between the gate length, gate oxide thickness and the
applied potentials in order to achieve a homogeneous electrostatic potential over the
complete channel length is very delicate. Thinner oxides lead to higher gate coupling
but also lower breakdown voltages between the various gates. Moreover, reducing
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the distance between the gate also increase the screening of the gate potential by the
neighboring gates. To investigate this balance, we performed finite-element-method
(FEM) calculations using Comsol Multiphysics. In Appendix 6.4, we present the effective
potential at the GNRs for various thicknesses of the Al2O3 and the gate separation.
Graphene is modelled as a surface charge density, its value is calculated using the voltage
applied to the gate located below the respective electrode, and the sum of quantum
capacitance and geometric capacitance.

In Appendix 6.4 we show using finite-element calculations that smaller oxides are
generally more beneficial, down to 12 nm. A further result is that downsizing the FG
size is beneficial, but only down to 10 nm. Beyond that point, the field strength exceeds
1 V/nm, a strength where breakdown of the oxide is risked.186 A scanning electron
micrograph (SEM) of the final device before GNR transfer is presented in Figure 6.2(B),
alongside a transmission electron micrograph (TEM) in Figure 6.2(C). The image shows
that the FG size is ∼12 nm, and the separation between the gates ∼30 nm.

The energy diagram of the junction containing the three gates and the density of
states of the GNRs and graphene is presented in Figure 6.2D. As the electronic coupling
between the GNRs and the graphene is weak, we anticipate the formation of quantum
dots (QD) at low temperatures. This is represented in the schematic energy diagram by
the two tunneling barriers and broadened discrete energy levels between the barriers. In
such a geometry, the FG is strongly capacitively coupled to the QD and can be used to
tune the chemical potential of the QD. Using one of the side gates (SG1 or SG2), the
Fermi energy of the graphene electrodes (source or drain) can be tuned into the n-region
or p-region. Moreover, as both side gates are located close to the nanojunction, they
will also introduce an asymmetric electric field that will couple to the QD.

6.3 Quantum dot formation at low temperature

6.3.1 Characterization of the QDs with zero applied side gate
voltage

Prior to the deposition of the GNRs, the nanogaps were electrically characterized to
ensure a clear separation between the electrodes. Devices with currents >10 pA at VSD
= 4 V were excluded from further characterization (See Appendix 6.A.1.) Uniaxially
aligned low-density 9-AGNRs were synthesized on a Au(788) single crystal under ultra-
high vacuum conditions (See Appendix 6.4).125 9-AGNRs were then transferred to
the multi-gate device substrate with the predefined and precharacterized graphene
electrodes using a PMMA-based electrochemical delamination process.88,89,121 In order
to improve the device performance, a thermal annealing step is performed as proposed
in Chapter 4.90 After this thermal annealing step the integrity of the 9-AGNRs and
their alignment with respect to the source-drain axis is confirmed using polarization
dependent Raman spectroscopy (See Appendix 6.4).

To evaluate the electrical properties of the 9-AGNRs after device integration, we
recorded stability diagrams (current-voltage characteristics (IV) for varying FG voltage
VFG at T = 9 K for various values of the side gate voltages).

Figure 6.3A shows a stability diagram recorded with the voltages on SG1, SG2 and
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Figure 6.3 Coulomb diamonds in multi-gate 9-AGNRs device at low temper-
ature. (A) Current as a function of bias, VSD, and finger gate voltage, VFG, recorded
at T = 9 K. Coulomb diamonds are visible over a gate range of 16 V. High resolution
Coulomb diamonds, where dotted white lines indicate the diamond edges. (B) Non-
closing Coulomb diamonds and (C) closing Coulomb diamonds. (D) Addition energy,
Eadd, as a function of diamond number, N . The histogram shows the distribution of the
addition energy values.

BG all set as 0 V. The plot shows irregular and aperiodic Coulomb diamonds (CD)
over a FG voltage range of 16 V, with addition energies (Eadd) varying between 20 meV
and 150 meV. For a large portion of the FG range, no crossing of the corresponding
energy level with the Fermi energy of the electrodes is observed, i.e., no resonance is
visible at zero bias. This behavior is highlighted in Figure 6.3B for a gate range from
-2.8 V to -2.1 V and is attributed to transport through two weakly-coupled QDs in
series. Here, the serial QDs either correspond to different GNRs, or to the formation
of localized charge states within a single GNR due to local confinement potentials.187

In other gate regimes, for example in Figure 6.3C, the Coulomb diamonds are closing,
indicating that in that gate range a single QD is dominating transport. Also in this case,
multiple overlapping diamonds with different addition energies are visible, suggesting
that charge transport occurs through two parallel QDs, presumably two GNRs, with
different quantum dot size.188 In Figure 6.3D we plot the addition energy Eadd as function
of diamond number N for the full VFG range of Figure 6.3A (-8 V to 8 V), alongside
a histogram of Eadd. Interestingly, we find that the observed Eadd is well described
by Gaussian unitary distribution, revealing the GNRs still maintain Dirac billiard
distribution, as observed for quantum dots carved out of graphene with a dimension
smaller than 100 nanometers.189 The average addition energy for the overall system, E0
= 65 meV, is simply determined by the peak position of a Gaussian fit to the distribution.
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Figure 6.4 Gate coupling strengths. (A) Measured current at a fixed bias voltage
of VSD= 0.1 V as a function of applied finger gate and side gate voltage. Dashed black
lines are guides to the eye. (B) Device crosssection with modeled electrostatic potential
for VSG1= -5 V, VSG2= 0 V and VFG= +5 V. (C) Electrostatic potential at the reference
point in (B) as a function of side gate 1 and finger gate voltage. Dashed line indicates
equipotential line at 0 V.

This addition energy corresponds to an effective dot size L ≃ 10.9 nm. The size of the
quantum dots were calculated according to Shylau et al. 190 using Ec = e2

4πϵ0ϵrL/ln(4ℏ/w)
with Ec the charging energy, ϵ0 the electric constant, ϵr the relative permittivity of Al2O3
and h the thickness of the Al2O3 (30 nm) assuming a 1-dimensional GNR with a width
of 11.5 Å(9-atom-wide GNR backbone including C-H bond).

We have also performed temperature-dependent measurement on this device. As
shown in Appendix 6.4, the device exhibits QD behavior up to T = 100 K, after which
it transitions to semiconductor-like behavior. The figure also shows a strong increase of
the overall current through the device for the elevated temperatures. We attribute this
behavior to a hopping-like mechanism through the GNR film.143

6.3.2 Gating efficiency
To investigate the gating efficiency of the side gate versus the finger gate, we recorded a
map of the current as a function of VFG and VSG1 for a fixed source-drain voltage VSD of
100 mV, as shown in Figure 6.4A. The plot displays multiple areas of high current that
shift with the gate voltages. Two representative lines of enhanced current are marked
with black dashed lines. From the slopes we extract the relative gate coupling α between
FG and SG1 and find α = αFG/αSG ∼ 5.98.

As a comparison, we performed finite-element calculations (Comsol Multiphysics) to
investigate the electrostatics of the multi-gate GNR devices. Figure 6.4B shows the
geometry overlaid with the corresponding electrostatic potential for VFG = 5 V, VSG1 =
-5 V, and VSG2 = 0 V, highlighting the device geometry and the reference point at which
the potential is computed. Figure 6.4C shows the potential of the reference point versus
the FG and SG1. Here, a slope β of around ∼10 is observed, close to the experimentally
observed value of ∼6. The difference between experiment and theory may be caused
by local defects in the gate oxide or a slight misalignment of the graphene gap with
respect to the finger gate. Here, the relative gate coupling between the individual gates
is estimated to be αFG/αSG1/αSG2/αBG = 211.7 : 35.4 : 23.0 : 1.
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Figure 6.5 Quantum dot behaviour with individually gated electrodes. (A)
Top panels: Current as a function of bias and finger gate voltage, for three different side
gate voltage configurations measured at T = 9 K. The side gate voltages are indicated
in brackets on top (VSG1, VSG2). Edges of QD 1 and QD 2 are indicated with dashed
white and red lines, respectively. Bottom panels: Corresponding dI/dV maps. Extracted
energies ∆E for various voltages VSG applied to (B) side gate 1 and (C) side gate 2.

6.3.3 Tunable QD energies using side gates

To further characterize the QDs formed in the device and their addition energies, we
focus on a gate range which possesses two overlapping diamonds, originating from two
QDs in parallel. To do so, we measure the current I as a function of the finger gate
voltage VFG for different side gate voltages VSG1 and VSG2 (later indicated in brackets).
In Figure 6.5A, we explore all side gate voltages combinations with ±0.2V and ±0.5V )
applied to the side gates. Only the full stability diagrams of (-0.2 V ; -0.2 V) and (0.2 V
; -0.2 V) are shown for illustrative purposes. The data for VSG = ±0.5 V is presented in
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Figure 6.6 Quantum dot behavior with strongly gated electrodes. Current as
a function of bias and finger gate voltage, measured at T = 9 K. The side gate voltages
are indicated in brackets (VSG1, VSG2) and varied as shown in (A) 4 V, 4 V (B) -4 V,
-4 V (C) 4 V, -4 V (D) -4 V, 4 V. Black dashed boxes are guides to the eye, see main
text for discussion.

Appendix 6.4. In the finger gate voltage range around 1.6 V, two diamonds of different
sizes overlap, indicating two QDs with different physical size are weakly coupled and
contacted in parallel. In order to extract the relative gating of the two QDs by the
side gates, we extract from the dI/dV plots (lower panels of Figure 6.5A) the energy
difference between energy levels for different dots, as indicated by ∆E1 and ∆E2. We
note that these energies do not correspond to the addition energies of the two QDs.
In Figure 6.5(C and D), we plot the energy difference ∆E1 and ∆E2 as a function of
VSG1 and VSG2, respectively. The plots shows that VSG1 strongly modulates ∆E2 while
having an almost negligible effect on ∆E1. In addition, VSG2 only slightly modulates
∆E1 and ∆E2. These two observations suggest that QD2 is closer to SG1 than QD1,
and that as a result differential gating of one QD versus the other is possible.

6.3.4 Single QD formation for strongly gated electrodes
When we apply higher/lower voltages (±4 V) to the side gates, a few regimes with
closed diamonds are observed, indicating transport through a single QD rather than
serial QDs. As shown in Figure 6.6, 5 regions with single QD behavior are marked with
black dashed boxes and numbered with roman letters I-V. From these diamonds, we
estimate the charging energies Ec and calculate the total capacitances by Ctotal = e2/Ec.
In a constant interaction model, the positive and negative slopes of the diamonds are
given by +CFG/(Ctotal − CS) and −CFG/CS, with Ctotal=CFG+CS+CD.36,37 From these
expressions, we obtain the capacitances listed in Table 6.1 for the individual QDs. The
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Parameter I II III IV V
EC [meV] 33 40 69 40 42
Ctotal [aF] 4.85 4.01 2.32 4.01 3.81
CFG [aF] 1.01 0.99 0.67 1.00 1.15
CS [aF] 1.21 0.50 0.39 1.50 0.54
CD [aF] 2.63 2.52 1.26 1.51 2.12
CD/CS 2.17 5.04 3.23 1.01 3.93
Gate coupling α(FG) 0.208 0.248 0.289 0.250 0.301
Effective dot size [nm] 21.6 17.8 10.3 17.8 17.0

Table 6.1 Extracted capacities from the QDs in Figure 6.6.

gate coupling of the FG and the effective dot size are also calculated accordingly.

6.4 Conclusion and outlook
Aligned 9-AGNRs are integrated in a multi-gate FET geometry and contacted using
graphene electrodes. The advanced gating architecture is motivated by finite-element
calculations of the electrostatic potential for achieving homogeneous and strong gate
coupling to the 9-AGNRs. Temperature dependent transport measurements show film-
like hopping of charge-carriers through the GNR networks at room temperature. At
low temperatures, Coulomb blockade and single electron tunneling is observed. In
order to benchmark and characterize the working principle of the advanced multi-gate
architecture, we investigated the Coulomb diamond shapes in a selected finger- gate
region by modulating the side gate voltages. The extracted relative gate couplings of the
gates illustrate that the introduction of a local finger gate leads to a massive increase in
gate coupling by a factor >200. These measurements further reveal information about
the spatial position of the transport dominating quantum dots, showing that the side
gate has a limited influence on the QDs if they are positioned closer to the opposite
side gate. This illustrates the challenges in the exact positioning of the nanoscale gates,
nanogaps and GNRs with respect to each other. The quantum dots observed with
strongly gated graphene electrodes reveal dot sizes slightly below 20 nm. This size
is larger than the graphene electrode separation of <15 nm,90 but still only half the
average 9-AGNRs length of 40-45 nm,125 indicating that the confinement of the electrons
in the GNRs extends within the GNRs partially on top of the graphene electrodes.
The observed addition energies of ∼0.065 eV are in discrepancy to the DFT-calculated
band gap of 0.73 eV31 as well as the measured band gap using STS of 1.40 eV115. This
highlights that the substrate effects need to be better understood and controlled e.g. via
encapsulation (see Chapter 7). Overall, the differential gating of the QDs using multiple
gates is a major step forward in the exploration of the transport characteristics of GNRs.
Our approach might be further pushed towards ultimate narrow gating strategies as
they have been demonstrated for MoS2-FETs using carbon nanotubes as gate.191
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Appendix 6.A. Device fabrication and electrostatic
potential
6.A.1 Device fabrication and precharacterization
Figure 6.7 shows the detailed process flow for the device fabrication. We use a cleaned
silicon/silicon dioxide (285 nm) with predefined alignment markers as substrate (A).
A platinum layer (6 nm) with a chromium adhesion layer (1 nm) is deposited on the
substrate using electron-beam evaporation (EBE) (B). The metalized chip is spin-coated
with the negative resist hydrogen silsesquioxane (HSQ, Dow Corning) resist with a
thickness of 30 nm (B). After drying in air for a few hours, the resist is then exposed
using electron beam lithography (EBL, EBPG5200, Raith GmbH) at 100 keV with an
electron dose of 350 µC/cm2. Then the exposed resist is developed in a salty developer
for 1 min at room temperature. Afterward, the chip is dipped in DI-water for 30 s and
blown dry with N2 (C). The developed HSQ is used as etch mask for the subsequent Ar+-
ion milling step, by which the surrounding metal layer is removed (D). The remaining
HSQ-layer is gently removed by buffered hydrogen fluoride (BHF) for 5 s (E). This
results in a finger gate with a width of 10-15 nm and a length of 500 nm. The great
advantage of our process is that we use a high resolution resist so that we can accurately
control the geometry of the structures and achieve high reproducibility. Also, the final
gate electrodes are subtractively crafted from a smooth continuous film, thus not showing
artificially enhanced edges, as it is common when using lift-off processes. Then we
fabricate GNR junctions on top of the multi-gate structures. A pair of Cr/Au electrodes,
used as the contacts to the graphene electrodes, are fabricated by standard EBL and
lift-off processes (F). An Al2O3 dielectric layer (30 nm) is deposited using atomic layer
deposition (ALD) serving as a gate oxide (G). We spin-coated a 120 nm thick PMMA
950K (AR-P 672.02, Allresist GmbH) layer on the Al2O3 and used EBL to define an
etch mask. A wet etching step of 30 minutes at room temperature using MF321 (DOW
Chemical) opened the oxide on top of the contacts and gates. The PMMA-based etch
mask is removed using acetone and isopropanol followed by N2 blowdried. Afterward,
a CVD-grown graphene layer is transferred on the chip and contacted with the metal
bottom contacts (H). Using EBL the graphene is patterned in the desired shape and
the nanogap (<15 nm) separating the two graphene electrodes is formed as reported
elsewhere.90

This approach yields clean and well-separated graphene electrodes (I). Finally, a film
of aligned 9-AGNRs is transferred using the PMMA assisted bubbling transfer.88,89,121

The PMMA is removed using acetone, isopropanol rinse, and N2 blown-dry followed by
a thermal annealing process at 200 ◦C as proposed by Braun et al. 90 to improve the
device performance (J). Panel (K) shows the electrical characterization of the device
before and after the transfer of 9-AGNRs.
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6 Multi-gate quantum dots from 9-atom-wide armchair graphene nanoribbons

Figure 6.7 Design of multi-gate 9-AGNRs device fabrication process. Top
row: Multi-gate fabrication. Bottom row: GNR junction fabrication. (A) Si/SiO2
substrate. (B) Evaporation of Pt thin film (brown) and spin coating of HSQ resist (blue).
(C) Electron beam lithography and development. (D) Ar+-ion milling to form local
and side gates. (E) Removal of etch mask using BHF. (F) Defining and metallization
of Cr/Au contacts (gold) to the graphene using EBL and subsequent lift-off process.
(G) Deposition of Al2O3 (light blue) using ALD. (H) Wet-etching of Al2O3 to open
the contacts and transfer of CVD-grown graphene. (I) Shaping of the graphene and
nanogap formation using EBL and subsequent RIE. (J) Transfer of aligned 9-AGNRs.
(K) Electrical characterization before and after 9-AGNRs transfer at room temperature.
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6.A.2 FEM-calculations of the electrostatic potential

Figure 6.8 FEM calculation of the electrostatics in a finger gate configuration.
(A) Electrostatic potential (V) map, with indicated zero-potential line. The graphene is
not explicitly included in the simulation. (B) Electrostatic potential within the nanogap
as a function of side gate to finger gate separation for various gate oxide thicknesses
dox. VFG= -5 V, VSG= +5 V. The area in red is the area indicated where the voltage
between side gate and fingergate exceeds 1 V/nm, a field strength where breakdown can
occur. Figure adapted from Overbeck et al. 94
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6 Multi-gate quantum dots from 9-atom-wide armchair graphene nanoribbons

Appendix 6.B. On-surface and post-transfer
characterization of GNRs

Figure 6.9 Low density aligned 9-AGNRs on Au(788). (A) Artistic illustration of
low-density 9-AGNRs on Au(111) terraces of the Au(788) single-crystal growth substrate
showing the well-separated GNRs. (B) Topographic scanning tunneling microscopy
(STM) image of the aligned 9-AGNRs on the growth substrate. The STM scanning
was taken with a Scienta Omicron VT-STM at room temperature. The experimental
parameter for this constant-current STM image is -1 V sample bias and 0.03 nA set
point current. (C) Raman spectra of 9-AGNRs. The presence of the characteristic peaks
(D, CH, RBLM, and LCM) reveals the integrity of the 9-AGNRs upon annealing on
the device substrate. (D) Polarization dependence of the G- and RBLM-peak intensity
reveals almost perfect alignment with the source-drain axis.
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Appendix 6.C. Device 1: Additional data
Appendix 6.C.1. Temperature dependent transport characteristics

Figure 6.10 Temperature dependent transport data of device 1. (A) Current
as a function of applied bias and gate voltage measured at 300 K, 200 K, 100 K, 50 K
and 9 K, respectively. (B) Current as a function of gate voltage with a fixed bias voltage
of 0.1 V at the same temperatures as in (A). (C) Selected I-V characteristics at various
finger gate voltages recorded at 9 K.
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6 Multi-gate quantum dots from 9-atom-wide armchair graphene nanoribbons

Appendix 6.C.2. Extended data to separately gated electrodes

Figure 6.11 Extended data to Figure 4 in the main text. Top panels: Current as
a function of bias and finger gate voltage, for 9 different side gate voltage configurations
measured at T = 9 K. The side gate 1, 2 voltages VSG1, VSG2 are indicated in brackets
on top. Bottom panels: Corresponding dI/dV-maps.
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6.4 Conclusion and outlook

Appendix 6.C.3. Current and dI/dV-maps with individually gated
electrodes

Figure 6.12 Current and dI/dV-maps with individually gated electrodesTop
panels: Current as a function of bias and finger gate voltage, for three different side gate
voltage configurations measured at T = 9 K. The side gate voltages are indicated in
brackets on top (VSG1, VSG2). Bottom panels: Corresponding dI/dV maps. The side
gate 1, 2 voltages VSG1, VSG2 are in A 0V, B ±0.2V and B ±0.5V . The current is
measured at T = 9 K.
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6 Multi-gate quantum dots from 9-atom-wide armchair graphene nanoribbons

Appendix 6.D. Devices 1-4: Overview of transport
characteristics

Figure 6.13 Overview of transport characteristics at low temperature of
Devices 1-4. dI/dV as a function of bias and gate voltages. The device and swept
voltages are indicated. All other voltages are set to zero. (A) Device 1, VFG (B) Device
2, VSG1 (C) Device 3, VSG1 (D) Device 4, VSG1
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7 Edge contacts to graphene
nanoribbons

20nm

VSD

VG
A

GNRs

a) b) TEM

Figure 7.1 Device layout and TEM crosssection of edge contacted GNR-
device. a) Artistic illustration showing edge contacted GNRs, the contacts, as well as
schematically the electrical circuit. b) False colored TEM crosssection at the red dashed
line in a). GNRs (purple) are embedded in hexagonal boron nitride (light blue) and
contacted by metal contacts (yellow).

Encapsulating two-dimensional materials using hexagonal boron nitride and subsequently
making edge contacts to the material of interest revolutionized the field of layered materials.
It further enabled scientists to discover novel physical phenomena like superconductivity and
opened the field of twistronics. Here, the first encouraging results on edge-contacted GNRs
are presented. We show that it is possible to contact GNRs in quasi-point contact geometry
and demonstrate strong gate-dependent transport at room temperature. Temperature-
dependent measurements reveal that two types of transport mechanisms are present in these
structures. Finally, an outlook is given on how one can further improve the gating geometry.

Contributions:
O.B. and D.I. conceived and designed the experiments. O.B. and D.I. fabricated the
devices. M.S. performed the TEM analysis. O.B. performed the Raman measurements.
G.B.B and R.D. performed on-surface GNR synthesis and STM imaging, providing
samples and images. Electrical, SEM, and AFM measurements were performed and
analyzed by O.B., with help of M.L.P. and M.C. The Blender picture for the schematic
device layout was provided by M.P. The study was supervised by M.C.
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Figure 7.2 Gating geometries for edge contacted GNR-devices. a) The central
cross section. Devices with different gate/gate dielectric geometries on b) Si/SiO2 and
c) on graphite. Note the drawings in b) and c) are to scale.

7.1 Introduction
Usually, graphene is contacted by evaporating metal contacts to its flat face, where
there are few strong bonding sites for the metal. In contrast, the edge contacting
technique makes metal contacts along its edge, where bonding orbitals of the graphene
are exposed. Wang et al. 20 introduced in 2013 a technique to make one-dimensional
contacts to a two-dimensional material. This edge contacting technique consists of
encapsulating graphene (or other 2D materials) with hexagonal boron nitride sheets and
etching through the top hBN to make metal contacts along the edge of the graphene.

The technique relies on high-quality hexagonal boron nitride crystals that are syn-
thesized at the National Institute of Materials Science (NIMS) in Tsukuba, Japan, by
Takashi Taniguchi and Kenji Watanabe.192 Their material is the ideal embedding mate-
rial for other layered materials due to the following reasons. From a mechanical point of
view, hBN crystals are layered which allows them to be cleaved into thinner flakes with
atomically flat surfaces. Further, the boron and nitrogen atoms are also arranged in a
hexagonal shape, although with a lattice constant 1.8% longer than that of graphene.193

From an electronic point of view, hBN is a wide band gap material with a direct band
gap of ∼5.9 eV.194 Further, high-quality hBN crystals have a reduced disorder and low
charge inhomogeneity, which is favorable for high-quality gate-dielectric materials.195

The two hBN sheets protect the graphene from unwanted external influences like water or
contaminants. Notably, the improved electronic device characteristics, like the reported
high charge carrier mobilities of ∼150’000 cm2V−1s−1 and the low contact resistance of
∼150 Ωµm for graphene at room temperature is of particular interest.20 This since the
high contact resistance is limiting GNR based devices in unfolding their potential.20,196

Altogether, this contacting strategy is widely used by the 2D-materials community
and improved the device quality and cleanliness substantially. In devices improved
by this method, new physical phenomena have been observed, for example, the field
of Twistronics has emerged, where two sheets of a 2D-material on top of each other
are twisted versus each other by a small angle.197 In such structures, measurements of
superconductivity were reported. This effect is related to the "magic angle" twist-angle
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7.2 Challenges in the device fabrication and proposed solutions

of around 1.1◦ and the formed Moiré-lattice.184

Motivated by this enormous potential that an embedding of the material of interest
in a suited dielectric material brings, efforts to encapsulate GNRs using hBN were
untertaken. An edge contacting of GNRs would result in devices that are protected
from the influence of the environment during processing and measurement. Further, it
would result in quasi-point contacts to a one-dimensional material.

Besides edge contacting GNRs, the gating geometry is also of crucial importance for
exploring the electrical properties of the channel material. In Figure 7.2 different gating
geometries are shown, where in the most simple case a highly doped silicon gate is
∼285 nm below the channel, separated by a SiO2 and the bottom hBN (see Figure 7.2b)).
In a more advanced geometry, a ∼10 nm thick graphite flake is used as a back gate (see
Figure 7.2c)). Graphite has been shown to serve as an ideal gating material due to its
flatness.198

In the following, the fabrication challenges are described as well as first transport
results on the two gating geometries are discussed.

7.2 Challenges in the device fabrication and proposed
solutions

7.2.1 Dry transfer of 9-AGNRs
Motivated by the advantages as described in the previous section, it is obvious to test
the dry transfer of GNRs from the growth substrate to the (insulating) target substrate.
For a pick-up of GNRs using an hBN flake to be successful, the adhesion between GNRs
and hBN has to be stronger than GNRs to Au(111). It has been reported that the GNR-
Au(111) contact is almost superlubric, with kinetic and static friction force values in the
range of ∼100 pN.199 However, in graphite as well as in graphene/hBN heterostructures
microscale superlubricity has been reported, pointing towards a weak interaction between
GNRs and the hBN flake.200–204 Discoveries in experimental physics frequently occur
despite theory predicting challenges in their realization. In a collaboration with Dr.
David Indolese from the Nanoelectronics-Group lead by Prof. Christian Schönenberger
at the Departement of Physics, University of Basel, we tried to pick up 9-AGNRs directly
from the Au(111)/mica growth substrate. The following attempts were undertaken:

• pick-up at 40 ◦C

• pick-up at 40 ◦C, with mechanical force

• pick-up at 80 ◦C

• pick-up at 80 ◦C, with mechanical force

The added thermal energy is expected to weaken the GNR/Au(111) interaction, hence
making a pick-up more likely. The additional mechanical force was applied to slightly
push around the GNRs on the Au(111) surface to bring them in closer contact to the
hBN and hence facilitate a pick-up. The transferred hBN flakes were pressed on a
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Figure 7.3 Raman signature of encapsulated 9-AGNRs. a) Optical micrograph
showing the hBN stack on SiO2. The borders of the top and bottom hBN are highlighted
with white and black dashed lines, respectively. Positions of where Raman spectra were
taken are indicated with a blue cross and red square. b) Raman spectra of encapsulated
9-AGNRs acquired with an excitation wavelength of 785 nm (blue) and 488 nm (red).
Raman spectra of 9-AGNRs on Au/mica growth substrate for comparison (black).
Characteristic peaks are labeled (see main text for details).

Raman optimized substrate, aluminum-oxide (40 nm) grown on platinum (40 nm) on
Si/SiO2 (285 nm) for an enhanced Raman intensity and blocked Silicon background
signal (for details see Chapter 3). Raman spectroscopy scans revealed that no GNRs were
transferred. This negative result requires new developments in delamination techniques
or intercalation of GNRs directly on the Au(111) surface for a dry-transfer to be possible.

7.2.2 Wet transfer and encapsulation of 9-AGNRs
We turned to a well-established wet-transfer of the 9-AGNR film onto Si/SiO2 with
bottom hBN-flakes.122–124 Subsequently, a top hBN-flake is pressed and released on a
suited bottom flake, finalizing the encapsulation. The hBN pick-up and release are
described in detail in Indolese et al. 205 .

Raman spectra of encapsulated 9-AGNRs

The successful transfer and encapsulation of 9-AGNRs were confirmed using Raman
spectroscopy measurements. Figure 7.3b) shows in blue a point spectra of encapsulated
9-AGNRs acquired with an excitation wavelength of 785 nm (1.59 eV). This excitation is
used since its energy is close to the electronic excitation energy of the 9-AGNRs, which
leads to a strong Raman signal, this effect is called Resonance Raman spectroscopy.88,206

The characteristic Raman peaks of 9-AGNRs are visible. Namely the G-peak, caused
by the C-C vibration, the edge related Ch-/D-peaks, as well as the width dependent
radial-breathing-like-mode (RBLM). In the range 700-1’700 cm−1 (830-905 nm, 1.49-
1.37 eV) a photoluminescence (PL) signal is present. Assigning the origin of this PL
background is not trivial. It has been reported that in hBN single-photon emitters,
from different point defects and stacking faults, give rise to a PL signal in the range
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Figure 7.4 hBN etching for edge contacted GNR-devices. a) AFM height profile
of an hBN flake where different source-drain separation were etched. b) Selected height
profiles indicated in a) with the corresponding color, red and green, respectively. The
arrow indicates where the channel would be (∼10 nm from the top). c) Comparison of
the designed and measured channel length.

570–750 nm.207,208 GNRs can also become photoluminescent themselves if functionalized
such that sp3-type of defects are present.121 It has been reported that by encapsulating
a material using hBN, its photoluminescence intensity is enhanced compared to non-
encapsulated.209 A characteristic peak of the hBN, located at 1366 cm−1, is only visible
in the spectra acquired with a 488 nm excitation.210 This due to the closer to resonance
excitation energy. Overall, Raman spectroscopy confirms the presence of the GNRs in
between the two hBN flakes, although the signal-to-noise ratio is low. The low intensity
is caused by the positioning of the GNRs above the SiO2 surface, given by the thickness
of the bottom-hBN, in combination with the covering of the GNRs with the top-hBN.

hBN etching for minimal channel length

Before the spin coating of the resist that serves as an etch mask, the sample is exposed
to an oxygen plasma for 15 s to etch away all the GNRs that are not protected by the
top hBN. To contact the 9-AGNRs, one has to etch through the top-hBN. This etching
procedure results in an hBN-etch profile of 45◦. This particular profile is the key for
making edge contacts, but also the limiting factor for the channel length. To keep the
9-AGNRs channel length below 40 nm, the top hBN has to be thinner than 20 nm. For
our devices, we chose hBN-flakes between 5-10 nm thick. Additionally, the etch mask is
chosen to be only 60 nm thick to achieve the high-resolution EBL to separate the source
and drain edge contacts. After etching through the top hBN flake, the same resist mask
is used for the metallization with Cr/Au. This leads to a self-alignment of the contacts
to the opened GNR edges.

A high-resolution transmission electron microscope crosssection of a representative
device is shown in Figure 7.1b), revealing the edge contact geometry, the clear electrode
separation, and the slanted hBN profile.
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Figure 7.5 Electrical characterization of an edge contacted 9-AGNRs device
on SiO2. a) Optical micrograph showing the hBN stack on SiO2 as well as the
Cr/Au leads. The borders of the top and bottom hBN are highlighted with white
and black dashed lines, respectively. b) SEM image of the region indicated with a
blue square in a) after metalization of the source (S) and drain (D) contacts. The
red arrows indicate where the contact separation was not successful during lift-off.
c) Current-voltage characteristics for various gate voltages at room temperature. d)
Temperature-dependent current-voltage characteristics.

7.3 Transport results of edge-contacted 9-AGNRs using
a silicon gate

First devices were successfully fabricated on Si/SiO2 (285 nm) substrates. In Figure 7.5a)
a typical device is shown with a high-resolution SEM image in b) showing the contact
separation in detail. The contacts D1 and D2 serve as a common drain, while all
other contacts are source contacts (not labeled). This geometry has the benefit of
providing more than two dozen devices out of one hBN/GNRs/hBN-heterostructure.
Such a high number is needed due to a low device yield since the embedded 9-AGNRs
are non-aligned. Figure 7.5c) shows I-V curves obtained on a typical device at room
temperature, revealing almost linear behavior in the bias voltage range <1 V. No gate
dependence is observed, in contrast to previous measurements on this type of GNR.13,90

This can be explained by the geometrical aspect ratio between the channel length
(∼40 nm) and the distance to the gate (bottom hBN+SiO2 ∼ 300 nm). Further, the
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7.3 Transport results of edge-contacted 9-AGNRs using a silicon gate

metal electrodes screen the electrostatic field substantially. With an increased bias
voltage highly non-linear I-V curves are observed, see Figure 7.5d). There, the I-V
curves obtained at different temperatures are shown, indicating a strong temperature
dependence. The I-V characteristics are similar to GNRs contacted using graphene as
well as palladium electrodes, although much lower in current.13,90

7.3.1 Interpretation of the temperature-dependent transport data
The observation of non-zero current in the I-V characteristics shows that a metal/GNRs/metal
junction has been formed. The low current shows that one or multiple barriers are
present in the system. In metal/carbon nanotube/metal FETs it has been shown that
a Schottky barrier is formed at the metal/carbon interface.211 Due to the quasi-point
contact, it is questionable if the same barrier is formed. To identify the present transport
mechanism in these metal/GNR/metal junctions, it can be of significant interest to look
at both the temperature and voltage dependence of the I-V curves. Direct tunneling and
Fowler-Nordheim tunneling, through and above the barrier in a metal/GNR junction,
are temperature-independent transport mechanisms. The Fowler-Nordheim tunneling
has a characteristic voltage dependence as follows:212,213

ln( J

V 2 ) ∼ 1
V

(7.1)

where J is the current density and V the bias voltage. On the other hand, transport
mechanisms that do show a strong dependence are thermionic emission as well as hopping
conduction.

For hopping conduction the following temperature dependence has been identified:213

ln( J

V
) ∼ 1

T
(7.2)

where T is the system temperature. For thermionic emission, the following temperature
dependence has been identified:213

ln( 1
T 2 ) ∼ 1

T
(7.3)

To deepen the understanding of the observed strong temperature-dependent charge
transport, we start our analysis by representing the data for a fixed bias voltage in
an Arrhenius plot as shown in Figure 7.6a). It is observed that only the data in the
temperature range 200-300 K can be directly fitted as shown in Figure 7.6b) pointing to a
hopping type of transport. Following the same procedure as described in Subsection 5.2.1,
an activation energy Eact of ∼96 meV can be extracted. This is a bit more than a
factor 2 lower than the there extracted ∼230 meV. Reasons could be that the contact
resistances are lower due to the edge contacts that cut the GNRs or that as described in
Subsection 5.2.1 additional barriers are present in GNR films.

Surprisingly, the data obtained from measurements between 10-80 K can be fitted to
Equation 7.3, pointing towards thermionic emission as the dominant transport mechanism.
Following the interpretation of Björk et al. 214 , an activation energy Eact of ∼2 meV can
be extracted. The difference in activation energies between the high and low temperature
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Figure 7.6 Arrhenius and transmission voltage spectroscopy analysis. a)
Arrhenius plot. The data points fitted in b) and c) are highlighted in red and blue,
respectively. b) Arrhenius plot of the high temperature data. c) Arrhenius like plot
with I/T2. d) Fowler-Nordheim plot with normalized currents at different temperatures
as used in transmission voltage spectroscopy. The white fading line as a guide to the
eye.

is quite striking and points towards different transport mechanisms being present in
the two temperature regimes. To better understanding these transport mechanisms
and in particular the transition between them, we turn towards transition voltage
spectroscopy (TVS). It has been shown that in metal/molecule/metal junctions, the I-V
characteristics, if plotted in a Fowler-Nordheim manner (see Equation 7.1), exhibit an
inflection point.212,215 This is consistent with the change in transport mechanism from
direct tunneling to field emission. TVS has also helped observe molecular orbital gating
as shown by Song et al. 216 . However, TVS is a method that is also under debate since
the discrimination between metal/molecule/metal and metal/vacuum/metal junction is
not as trivial as initially suggested.217

In Figure 7.6d) we show the Fowler-Nordheim plot (with normalized currents for
comparison) at various temperatures, revealing that the transition voltage changes and
even disappears with increasing temperature, indicated by the white fading line for better
visualization. This thermally activated process is more consistent with a hopping type
of transport mechanism rather than a coherent transport picture. Hence, we interpret
the presented data such that the film of 9-AGNRs is contacted with the charge carrier
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7.4 Transport results of edge-contacted 9-AGNRs using a graphite gate
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Figure 7.7 Electrical characterization of an edge contacted 9-AGNRs device
on graphite at room temperature. a) Optical micrograph showing the hBN stack
on graphite as well as the leads. The borders of the top hBN are highlighted with a
white dashed line. b) Current-voltage characteristics for various gate voltages applied
to the graphite back-gate. c) Absolute current values as a function of bias and gate
voltage on logarithmic scale. d) Cuts in c) at 3 selected bias voltages Vb= +1 V, 0 V
and -1 V, respectively.

injection at the GNR-edges. In the next section, transport results obtained on a device
fabricated with a graphite back-gate to achieve higher gate coupling are presented.

7.4 Transport results of edge-contacted 9-AGNRs using
a graphite gate

Figure 7.7 shows the device geometry with a graphite back-gate. The various colors
of the bottom hBN arise from thickness variations in the nanometer range. A careful
design of the leads is necessary. Besides avoiding going over hBN edges that are higher
than the lead thickness to avoid interrupting them, one has to design the leads around
the graphite flakes since it would shorten neighboring leads.

The electrical characterization revealed highly nonlinear I-V characteristics at room
temperature and a strong gate dependence over three orders of magnitude (see Fig-
ure 7.7b) and c), respectively). The asymmetric I-Vs show rectification behavior.
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Although the device is designed symmetrically, an asymmetrical contact can be present.
By plotting the current versus gate voltage at a fixed bias voltage, as shown in Fig-
ure 7.7d), it can be seen that there is also a current at Vb= 0 V. This can be interpreted
as leakage current between the gate and the drain contact. Although a pre-resistor
in front of the gate electrode is used to limit the leakage current, the resistance Rpre
must be much smaller than the resistance between the graphite and the drain contact,
otherwise, it serves as a voltage-divider and hence limits the gate voltage range. This
leakage can be explained by the following. The bottom hBN was chosen to be rather
thin (∼20 nm) to have a strong gate coupling, this in combination with the direct band
gap of hBN of ∼5.9 eV, leads to a detectable leakage current at moderate gate voltages.
These results demonstrate the gating of encapsulated and edge-contacted 9-AGNRs
at room temperature. Unfortunately, due to a human error in the setting up of the
wiring of the electric circuit for the temperature-dependent measurement, the sample
was damaged and no further measurements could be taken.

7.5 Conclusion and outlook

100nm

Pt

Al2O3

SiO2

dgate - intermediate fabrication difficulty
- intermediate gate coupling
- limited gate leakage 

Figure 7.8 Next generation gating geometry. An intermediate geometry where a
metal gate is separated by a 40 nm aluminum-oxide from the hBN/GNRs/hBN stack
combining the advantages of having a close gate with limited gate leakage.

In conclusion, we have demonstrated the encapsulation and edge contacting of 9-
AGNRs in two types of gating geometries. The gate-dependent transport was limited
in the case where the distance between the gate and the channel was much larger
than the channel length. However, in the case of a close graphite back-gate, a strong
gate dependence of the charge transport could be observed, although limited by the
resulting gate leakage currents. These results are encouraging for further exploration
in slightly different geometries. In Figure 7.8 such a next-generation gating geometry
is depicted. By choosing the aluminum oxide thickness to be ∼40 nm thick one
could bring the metallic back-gate rather close to the channel, while its thickness
and dielectric properties would limit the leakage currents substantially. The present
photoluminescence signal of encapsulated GNRs should be understood more clearly.
Therefore, temperature-dependent measurements are suggested. The superlattice, that
is formed between graphene and hBN has, due to the slight lattice constant mismatch,
a maximum lattice constant of ∼14 nm.218 It is hence possible that the GNRs on
hBN also form a superlattice, possibly resulting in interesting physical phenomena,
for example band band gap engineering. However, a dry transfer of GNRs from the
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growth substrate combined with subsequent encapsulation and edge-contacting would
be favorable. Currently, investigations in this direction are being undertaken in the
group of Prof. Roman Fasel at Empa.
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devices

Figure 8.1 SEM image of the platform for thermoelectrical characterization.
Heaters (red), thermometers (blue), gate (yellow) and graphene electrodes (violet) are
highlighted in colors.

Ever since the reporting of the thermoelectric effect by Thomas Johann Seebeck in 1822,
physicists have wanted to make efficient use of this energy conversion process.4 After exploring
the thermoelectric properties of bulk materials for more than 100 years, two papers by L. D.
Hicks and M. S. Dresselhaus in 1993 pointed out that quantization effects in nanostructures
could be a way of designing new thermoelectric materials.8,9 This is mostly because the
dimension reduction leads to a decoupling of the thermal and electrical conductivity, a key
ingredient for improving the conversion efficiency. Motivated by this work, new efforts were
undertaken to study the Seebeck coefficient of nanoscale materials. Nevertheless, it was only
in 2007 that the first values for the Seebeck coefficient in a molecular junction were reported
by Reddy et al. 219 , highlighting the experimental challenges one has to overcome. It took
another 7 years of research until electrostatic control over thermoelectricity in a molecular
junction was also achieved.220 Only recently, the complete mapping of the thermoelectric
properties of a single molecule was reported by Gehring et al. 221

This shows that determining the Seebeck coefficient of nanoscale devices is a new field that
still faces many experimental hurdles due to the nanometer-scale dimensions of the objects
under test. In this chapter, the Seebeck coefficients of Au-nanoparticle arrays, graphene, and
films of graphene nanoribbons are determined and the experimental procedures thereof are
described. Two different device architectures and measurement schemes were employed. With
the first generation of measurement devices, we characterized nanoparticle arrays. Based
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on the challenges we faced, we developed a second generation of devices and measurement
schemes, with which we characterized graphene and films of graphene nanoribbons.

Contributions:
O.B., M.L.P., and M.C. conceived and designed the experiments. R.Fu. performed
the graphene growth. M.S. and O.B. fabricated the devices. V.M., under guidance by
J.L., performed NP synthesis. D.B. derived the temperature distribution reported at
pages 117-119. G.B.B. and R.D., under the supervision of R.F. and P.R., performed the
on-surface GNR synthesis and STM-imaging, providing samples and images. Electrical,
SEM, AFM, and Raman measurements were performed and analyzed by O.B., with
help of M.L.P. and M.C. Comsol simulations were performed by M.L.P. The Blender
picture for the schematic device layout was provided by M.L.P.

Supplementary Material is included in Appendix directly at the end of this Chapter.
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8.1 Introduction and motivation
The Seebeck coefficient, as introduced in Chapter 2, can be expressed in the following
form:

S = −∆V

∆T
(8.1)

As can be seen from Equation 8.1, to determine the Seebeck coefficient of a material,
one has to determine the electrostatic potential difference ∆V that builds up between
a hot and a cold side of a material with a temperature difference ∆T between them.
As a result, to study this effect, a temperature gradient needs to be generated. At the
macroscale, this is done, for example, by placing one side of the material in an ice water
bath, as in the very early days. When it comes to the nanoscale this is more delicate due
to the length scales that are involved. Local, controlled heating, similar to determining
the thermal conductivity, has been achieved using optical methods,57,58,130 self-heating
effects in nanostructures by passing a current through them,70–73 or indirectly by passing
a current through a nearby placed heater82,221–223. The most suited approach depends on
the measurement scheme and sample geometry, which need to be adapted to the specific
needs. For example, in the nanoelectronics community, where it is desirable to have
the electronic temperature as close as possible to the cryostat temperature to enable
spectroscopy measurements, the self-heating method is avoided. Therefore, fabricating
micro-heater(s) nearby is the method of choice, but this requires additional electrodes,
which increases the fabrication complexity. This may reduce the number of devices on a
chip or may even be unfeasible due to limitations on the chip itself.

Thermoelectricity in nanoscale objects has been studied by several groups. For
example, the thermoelectric properties of graphene have been reported in pioneering
work by the Kim group, reporting values for S of ≈ 100 µV/K.224,225 In the field of
nanowires, the Linke group explored the feasibility of using single nanowires in the
context of heat engines using a quantum dot as energy filters.222,223 In a single nanowire
device, Roddaro et al. 82 reported values for S exceeding ≈ 120 µV/K and Yazji et al. 226

reported S ≈ 300 µV/K, showing their potential for thermoelectric devices. At an even
smaller scale, thermoelectric effects have also been explored in molecules, where the
contributions by the Reddy group and the Venkataraman group stand out.219,227

The first measurements of thermopower in molecular junctions have been reported
by Reddy et al. 219 in 2007 using a modified scanning tunneling microscope. Most
values of the Seebeck coefficient reported for molecular junctions have remained below
50 µV/K.228. However, in 2019, by partially suppressing the electrical conductance
in molecular junctions using quantum interference, a Seebeck coefficient as high as
1000 µV/K was reported by Garner et al. 229 Although many STM measurements have
been performed on molecular systems since 2007,227,230,231 it was only in 2014 that
electrostatic control of thermoelectricity in molecular junctions was achieved by Kim
et al. 220 , in a planar, solid-state, electromigration junction. In a similar planar geometry,
the thermovoltage of a fullerene molecule contacted using graphene leads was measured,
leading to Seebeck coefficients up to several hundreds of µV/K at liquid nitrogen temper-
atures. Lately, Gehring et al. 221 reported on the complete mapping of the thermoelectric
properties of a single molecule in a device geometry that was optimized for cryogenic
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operation, in combination with an AC measurement configuration. Our methodology
for obtaining results on the GNR films is based on the work by Gehring et al. 221 as
well as Linke et al.222,223 with the extension that we use graphene as contact electrodes.
Finally, besides measuring the Seebeck effect, in recent works from the Reddy group,
Peltier cooling and thermal transport in molecular junctions have also been reported.65,232

From a theoretical point of view, GNRs are ideal candidates to enhance thermoelectric
performance. The narrow widths open an electronic band gap and reduce the thermal
conductivity, in particular for the ultra-narrow, bottom-up synthesized GNRs. Multiple
theoretical studies have been published, reporting on Seebeck coefficients reaching several
hundreds of µ/K at room temperature, depending on the particular configuration, doping
level, and contacting approach.233–240 On the experimental side, there are only very few
confirmations of these predicted values. To the best of our knowledge, only one recent
publication by Li et al. 241 on ≈40 nm wide, as-grown suspended graphene nanoribbons,
reported a Seebeck coefficient of ≈125 µV/K at 200 K, being only slightly above the
value for single-layer graphene. Clearly, further experimental work is needed to assess
the potential of GNRs for thermoelectric effects.

In this chapter, we first familiarize ourselves with the experimental aspects of measuring
the Seebeck coefficient of nanomaterials by determining the Seebeck coefficient of gold
nanoparticles. This is done with relatively simple, planar devices in combination with
a DC measurement scheme. Based on the limitations of this approach, we motivate
why a more advanced geometry in combination with an AC measurement configuration
is needed and validate the method by measuring thermovoltages of a graphene based
device. Finally, we present the first measurements of the Seebeck coefficient of graphene
nanoribbon-based devices.

8.2 Seebeck coefficient determined using DC-method:
Au-nanoparticles

For our studies of the Seebeck coefficient, we selected the method of on-chip heaters, as
this allows us to accurately generate small thermal gradients and it comes the closest to
a possible application in a solid-state device. On-chip heaters usually consist of a metal
wire in which Joule heating occurs by pushing a current through the system. The wire
is either straight or in a meandered structure. The meandered structure has the benefit
of having a higher resistance which allows for a more accurate determination of the
resistance increase with increasing heater current. Furthermore, the meandered structure
allows for the generation of more homogeneous and larger temperature gradients, at
the cost of a larger spatial extension. On the contrary, linear heaters can be placed
very close to the structure under test, thereby maximizing the thermal gradient. In the
planar geometry, the heater can be placed at a few hundreds of nanometers away from
the contact to the material, limited by the EBL and lift-off process. Another important
advantage of the line heaters is that they do not heat up the substrate significantly,
allowing the heater to be switched off efficiently. This property is of utmost importance
for use in the AC method as discussed later in this chapter.
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Figure 8.2 Electrical characterization of Au-nanoparticle devices. a) SEM
micrograph of a substrate with graphene and metal electrodes before Au-nanoparticles
stamping. b) Optical image of a device after stamping 8 layers of nanoparticles. c)
Schematic crosssection through the device. d) SEM micrograph of monolayer NPs on a
test structure. Inset shows zoom in on Au-NPs. e) Electrical characterization of 8 layer
NPs-device at room temperature.

To explore thermoelectricity in nanoscale devices we start with a nanomaterial that is
robust and well established, namely nanoparticles (NPs). Gold colloidal nanoparticles
with a diameter of 10 nm can be synthesized using the method described by Slot and
Geuze 242 . A solution containing these octanethiol-capped gold nanoparticles is spread
on a slightly convex water surface, leading to the self-assembly of 2D nanoparticle
monolayers at the air/water interface.243–246 Using a stamp out of polydimethylsiloxane
(PDMS), monolayers of Au-nanoparticles are picked up and the desired number of layers
are simultaneously stamped at once on a substrate with predefined electrodes. This
substrate consists of two thermometers, two heaters, and the silicon substrate serves as
a global back gate. The alignment of the nanoparticles during the transfer of the films is
challenging as the stamp is macroscopic while the electrodes are only a few hundreds of
nanometers apart. Moreover, as the heaters and thermometers are all patterned in the
same lithography step, the transferred (conducting) film of NPs may create an electrical
short circuit between the heater and the thermometer. We solve this issue by using

8
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graphene strips to contact the NPs, that are in turn contacted by metal electrodes, see
Figure 8.2a). The metal electrodes are very thick (≈100 nm) leading to an interruption
of the stamped NP-film close to the metal electrodes, see Figure 8.2c) and d), resulting
in the graphene contacting the film of NPs.

The successful contacting was tested with electrical measurements. By recording
the I-V curves between the two thermometers and between the thermometer and the
corresponding heater next to it, we confirmed that they were not shorted. Figure 8.2e)
shows the electrical characterization of a device at room temperature containing 8
layers of Au-NPs. The number of layers was chosen such that the film is robust
and the resistance does not change further with increasing layer numbers.246 The I-V
characteristics show linear behavior with minimal dependence on the applied gate voltage.
The resistance of the shown device is ≈100 kΩ.

We also measured the Seebeck coefficient S = −∆V/∆T , requiring accurate measure-
ment of the thermovoltage ∆V and temperature gradient ∆T . Here, the temperature
gradient is generated by sourcing a DC current through the heater. To determine the
temperature gradient, two separate measurements were performed. First, a 4-terminal
DC measurement of the resistance of the thermometers is performed while changing
the temperature of the cryostat. Figure 8.3a) shows the resistance of the thermometers
RThermo as a function of cryostat temperature TBath.

The second measurement monitors the thermometer resistance while the current
through the nearby heater is varied. This measurement is shown in Figure 8.3b). By
combining these two, one calculates the temperature of each thermometer as a function
of heater current and extracts the temperature difference, shown with the green curve
in Figure 8.3b). The quadratic behavior indicates Joule heating, scaling according to P
= RI2. The plot shows that to obtain a temperature gradient of ≈1 K, approximately
4 mA of current is needed. At this current, thermometer 1 heats up by 5.5 K, while
thermometer 2 heats up by 4.5 K.

Now that we have calibrated the temperature gradient, we proceed to measure the
thermovoltage build-up over the NP-film using a nanovoltmeter (2182A/E - Nanovolt-
meter, Keithley) as a function of heater current, shown in Figure 8.3c). Also here,
a quadratic behavior is observed, indicating that the thermovoltage scales with the
temperature gradient. By building the ratio between the measured thermovoltage and
its corresponding temperature gradient, the Seebeck coefficient is calculated, as shown
in Figure 8.3d). The plot shows that the values below a heater current of ∼1 mA
(highlighted in red) show quite some variation. This large spread is attributed to the
low accuracy of the extracted (small) temperature gradient, resulting in the division
through a small number when calculating the Seebeck coefficient. Hence it would be
favorable to have higher temperature gradients for a more robust determination of the
Seebeck coefficient.

Overall, we were able to determine the Seebeck coefficient of 8 layers of Au-nanoparticles
arrays and found S ≈15 µV/K at room temperature. We have seen that the positioning
of the films on top of predefined electrodes is challenging. Further, the stamping method
of the films constrains the flexibility of the electrode design since they have to be thick
enough to interrupt the film in order to avoid shorts. The planar geometry results
in moderate temperature gradients of up to ≈1 K, resulting in large measurement
inaccuracies at low thermal bias. The DC measurement approach was another limiting
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Figure 8.3 Thermoelectric characterization of 8 layer Au-NP device. a)
Thermometer calibration. b) Calibration of the temperature gradient ∆T at various
applied heater currents. c) Thermovoltage as a function of heater current. d) Seebeck
coefficient at various applied heater currents at room temperature. The region where
the value of the Seebeck coefficient is attached with large errors is highlighted in red.

factor, as with the instrumentation used it only works for devices in the mega to gigaohm
regime. In the following we therefore motivate how to overcome these limitations with
an improved device layout and measurement approach.

8.3 Motivation for vertical thermometer/heater
structures

As we have seen in Section 8.2, four limitations of the experimental method were
identified. Two are geometrical and two are about the measurement scheme:

First, as the films of nanomaterials are transferred onto predefined electrodes, one
needs to make sure no electrical short exists between the thermometer and the heater.

Second, since the heater is placed rather far away from the thermometer the tempera-
ture gradient only reaches a few Kelvin at best due to the substrate acting as a heat
sink. Moreover, the device itself heats up significantly, much more than the applied
temperature gradient.
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Figure 8.4 Finite element modeling of temperature profile for vertical struc-
ture. a) Mesh used for the FEM calculations. The inset illustrates the heaters (olive),
thermometer and gate (blue) and the Si/SiO2-substrate (blue/green). b) Temperature
profile along the green line cut in a). A current of 2 mA is passed through Heater 1 (H1).
c) Temperature increase at thermometer 1 and 2, respectively, for various applied heater
currents to heater 1. d) Resulting temperature difference ∆T between thermometer 1
and 2 for various applied heater currents.

Third, a direct thermovoltage measurement was performed on rather conductive
devices with 8 layers of NPs. When scaling down to 1 NP layer, the impedance of the
film is equal to or even exceeds the input impedance Zin of the voltage measurement
instrument.

Fourth, the measured voltages have a low signal-to-noise ratio.
These limitations can be overcome by adapting the sample geometry and measurement

scheme. The device is adjusted similarly to the devices proposed by the Linke group222,223

and also used by Gehring et al.221,247

In this advanced (stacked) geometry, the heaters are placed below (or on top of)
the thermometers, resulting in a much more localized heating profile. This enables
larger temperature gradients across the material of interest with very limited heating
of the entire sample. Furthermore, as the heaters and thermometers are separated
by an oxide and electrically separated from each other, transferring a conducting
film on top would not create a short circuit. In terms of measurement schemes, a
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thermocurrent will be measured rather than a thermovoltage. Due to the different
operating processes of a current measurement unit and a voltage measurement unit,
also very small thermocurrents of highly resistive devices can be measured accurately.
Moreover, an AC-modulated lock-in technique will be employed to improve the signal-
to-noise ratio.

The proposed device improvements come at the cost of a more extensive device
fabrication process. We didn’t shy away from the fabrication effort, but to get beforehand
a feeling of the temperature gradients to be expected in such the system, we used finite-
element method calculations (Comsol 5.6) to model the temperature distribution and
profile. This is illustrated in Figure 8.4a) showing the device schematics as well as the
used mesh. A cross-section of the temperature distribution for an AC heater current of
2 mA is depicted in Figure 8.4b). The resulting temperature increase on the thermometer
is shown in Figure 8.4c), with d) showing the resulting temperature difference ∆T . The
plot shows that the thermometer on top of the heater heats up quite drastically, while
the thermometer far away from the heater remains almost unaffected. This means the
temperature gradient is strongly localized between the two thermometers, where the
nanojunction is. With this modeled verification of the improved temperature gradient
at a lower device heating, we fabricated the devices.

In the analysis of the measurements, we will use the resistance of the thermometers
to determine the temperature gradient. We note that the extracted value for the ∆T
serves as an upper limit. This results in the most conservative estimate for the Seebeck
coefficient. In Gehring et al. 247 the resulting temperature distribution is discussed
extensively and also further assessed experimentally by using SThM. The resulting
measurements and conclusions are presented in the following sections.

8.4 Seebeck coefficient determined using an AC-method
The core of the experimental set-up for thermoelectric characterization of nanostructures
is the on-chip heaters that allow for applying a temperature gradient across the material
of interest. In the present case, we study the thermoelectric performance of GNR
films contacted using graphene electrodes. The device layout has been adapted from
previous works with the extension of using graphene as electrode material to the
film of GNRs.221–223,247 The resulting device is depicted in Figure 8.1, before GNR
transfer. Figure 8.5a) presents the workflow of the thermoelectrical characterization
experiment. The experiment is split into two separate parts. The first part determines
the thermovoltage by measuring the induced thermocurrent and sample resistance, while
the second part calibrates the corresponding temperature gradient.

For the first part of the experiment, a temperature gradient is established by passing
an AC current Ĩh through an on-chip heater at frequency ω1 (see Figures 8.5b) and c)
for device layout). We used a voltage-controlled current source to keep the current fixed,
as the heater resistance might change during the experiment. To generate a complete
map of the Seebeck coefficient as a function of bias and gate voltage we applied the
following voltages: One thermometer is used to apply a DC bias voltage Vsd and an
AC bias voltage Ṽsd at frequency ω2 across the GNR film. The other contact is then
used to measure the DC current Isd, the AC current Ĩsd at frequency ω2 and the AC
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Figure 8.5 Concept of the thermoelectric characterization experiment using
an AC method. a) Schematic process flow of the experiment. b) Artistic illustration
of the experimental setup indicating the direction of the applied thermal gradient over
graphene nanoribbons (GNRs) films. Two devices, one consisting of 9-AGNRs and one
consisting of 17-AGNRs, are investigated separately and depicted as orange strips. b)
Atomic force microscope height profile of a typical experimental device before transfer
of GNRs. The graphene electrodes and the gate are highlighted in green and orange
respectively. The schematic circuit diagram indicates which terminals are used to apply
an AC heater current Ĩh, a DC bias voltage Vsd, an AC bias voltage Ṽsd and a gate
voltage Vg, and which terminals are used to measure a DC current Isd, AC current Ĩsd
and an AC thermocurrent Ĩth.

thermocurrent Ĩth at frequency 2ω1. A fixed gate voltage Vg is applied to the gate
electrode to tune the electrostatic potential of the GNR film. We note that reversing
the temperature gradient results in a sign-change in the thermocurrent but not in the
conductance measurement. The obtained results are shown in Section 8.6.

For the second part of the experiment, the electrical wiring and connecting of the
instruments to the thermometers are changed. A 4-terminal resistance measurement

116

8



8.4 Seebeck coefficient determined using an AC-method

configuration to each of the two thermometers is set up. Then, a constant DC bias current
is pushed through each of the thermometers while the voltage drop along the central
part of the thermometer is measured at frequency 2ω1. The thermometer resistance R̃th
is then measured for various heater currents Ĩh and cryostat temperatures. Details to
this part of the experiment are laid out in Subsections 8.4.1, 8.4.2 and 8.4.3.

Finally, films of GNRs (9-AGNRs or 17-AGNRs) are contacted using the graphene
electrodes. The fabrication procedure and motivation for using graphene electrodes
have been discussed extensively in Chapter 4 and 5. As we have pointed out in
Chapter 5, the film of GNRs is conductive over length scales larger than the individual
GNR length. We, therefore, separated the graphene electrodes by ≈100 nm. The
graphene electrodes are contacted using metal wires (Ti/Pt, 5/35 nm) in a 4-terminal
configuration which allows them to be used as resistance thermometers. Choosing
platinum as a material for the thermometers has some advantages over other materials.
First, platinum resistance temperature detectors are known for the reliability of their
calibration over wide temperature ranges.248 Additionally, the higher resistivity of the
platinum, over for example gold, results in a higher thermometer resistance leading
to an improved measurement accuracy of the temperature gradient. Furthermore, it
allows the transferal of transferring GNRs grown on Au(111)/mica substrates, where
the transfer process involves a gold etching step that does not attack platinum. Metal
heaters (Ti/Pd, 3/27 nm) are buried below the thermometers, separated by a 20 nm
ALD-grown aluminum-oxide layer. Additionally, a thin gate electrode (Ti/Pd, 1/6 nm)
is placed in the central region of the device. This allows for electrostatic gating of the
GNRs and reduces the thermal transport between the source and drain lead. Palladium
is chosen for the gate and heaters since it forms uniform thin layers with a low surface
roughness.249 Figure 8.5c) shows the height profile of the device with the graphene
electrodes and the gate highlighted using colors for better visibility, alongside a circuit
diagram illustrating the use of each electrode.

8.4.1 Theoretical and experimental considerations
Theoretical considerations to the temperature distribution

This section briefly outlines the theoretical considerations for the temperature gradient
generated by an alternating heater current at frequency ω. The outline follows the
notation as introduced in the 1950’s by Domenicali 250 and Carslaw and Jaeger 251 .

To generate a temperature gradient across the material under test, a current I =
I0sin(ωt) is applied to a heater that can be treated as a linear conductor with constant
resistance R. The dissipated power P (t) can be written as:

P (t) = RI2(t) = 1
2RI2

0 (1 − cos(2ωt)) (8.2)

In the following it is assumed that the heater can be modeled as an infinitely long
wire, surrounded by an electrically insulating medium. The released heat diffuses in
the surrounding medium, hence inducing a space- and time-dependent variation of its
temperature T (r, t). Starting from the three dimensional heat equation as derived by
Fourier56 with a heater f(r, t).
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∂T (r, t)
∂t

− α∇2T (r, t) = f(r, t)
mcv

(8.3)

where α = κ
cvρ

, is the thermal diffusivity, depending on the thermal conductivity κ,
the specific heat cv and the mass density ρ. The fundamental solution G(r, t) of the
three dimensional heat equation is:

G(r, t) =
( 1

4παt

) 2
3

e− x2+y2+z2
4αt (8.4)

Therefore we can write:251

T (r, t) =
∫ f(r′, t′)

mcv

G(r − r′, t − t′)dV ′dt′ (8.5)

If we further assume that the infinitely long heater is lying on the z-axis we can write
f(r, t) = f(r, t)δ(x)δ(y) with the Dirac delta function δ. This leads to:

T (r, t) =
∫ f(z′, t′)

mcv

(
1

4πα(t − t′)

) 2
3

e
− x2+y2+(z−z′)2

4α(t−t′) dz′dt′ (8.6)

by integrating over dz′ from −∞ to ∞, we can write:

T (r, t) =
∫ f(t′)

mcv

(
1

4πκ(t − t′)

)
e

− r2
4α(t−t′) dt′ (8.7)

where r2 = x2 + y2. By inserting the heat source term, this integral can be separated
in two parts; T = T ′ + T ′′, with its solutions:250

T ′(r, t) = − f0

4πκ
Ei(−η) (8.8)

T ′′(r, t) = − f0

2πκ
Re{ei2ωtK0(qr)} (8.9)

with η = r2

4αt
, q =

√
i2ω
α

, Ei(η) = −
∫∞

−η
e−u

u
du and K0(qr) is the Bessel functions of the

second kind (0th-order).
For η < 1 one can use the approximation Ei(−η) ≈ γ + ln(η) + η + O(η2), where γ is

the Euler–Mascheroni constant. Hence, T ′ can be approximated as:

T ′(r, t) ≈ f0

4πκ

[
ln
(4αt

r2

)
− γ + r2

4αt

]
(8.10)

By using the Bessel-functions to evaluate T ′′, one can write:

Re{ei2ωtK0(qr)} = −sin(2ωt)Im{K0(qr)} + cos(2ωt)Re{K0(qr)} (8.11)

Hence, T ′′ has an in-phase and out-of-phase component, with respect to the heater
current. The imaginary part of K0(qr) saturates for small qr, while the real part increases.
All together, and with the cryostat temperature Tcryo, the temperature at a distance r
away from the heater at time t can be written as:
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T (r, t) = Tcryo + f0

4πκ

[
ln
(4αt

r2

)
− γ + r2

4αt
+ 2sin(2ωt)Im {K0(qr)}

− 2cos(2ωt)Re {K0(qr)}
]

(8.12)

Equation 8.12 shows that the temperature is a superposition of a temperature drift with
the in-phase and out-of-phase oscillations at frequency 2ω. After a certain thermalization
time, this temperature drift can be considered constant over the measurement time
and hence be neglected. In this special case one can write the temperature in a very
simplified form:

T (r, t) ≈ Tcryo + T2ω,in(sin(2ωt)) + T2ω,out(cos(2ωt)) (8.13)
This result means that a phase shift of π/2 between the modulation current and the

temperature gradient is induced. This further implies that, if the system is driven at a
too high frequency the in-phase component starts to get larger, which should be avoided.
Hence, only low-frequency measurements are desirable.

We here follow also the interpretation by Gehring et al. 221 . The measured signal of
the thermocurrent has its physical signal in the out-of-phase component (Y-component)
while the in-phase component (X-component) is the dephased signal due to too high
measurement frequencies. In an ideal system, this component would not be present. In
the next subsection, this discussion is continued but from an experimental point of view.
For the calculations of the thermovoltage only the Y-component of the thermocurrent
signal is considered.

The conductance measurements are carried out at the same time but at a different
frequency. There the physical signal of the conductance is in the in-phase component
(X-component), while on the out-of-phase component (Y-component) the capacitive
contributions are reflected. For the calculations of the thermovoltage only the X-
component of the conductance signal is considered.

Frequency dependence

Since an AC measurement configuration is used, we emphasize and motivate the selected
parameters. The detection bandwidth of a lock-in is set by the low pass filter time
constant τ and the roll-off. If not stated otherwise, we used a time constant of 3 s with
24 dB/oct roll-off. The filter output settles at the new value after a certain time has
passed, called the settling time. Depending on the experimentalists’ accuracy needs, this
time varies and can be looked up in any lock-in instrument manual.252 With our settings,
a settling time of ≈ 10×τ is needed to reach 99% of the final value. In Appendix 8.A.,
the frequency dependence of a film of GNRs under test is shown and discussed. Based
on this measurement, we selected the heater frequency to be 3.123 Hz since it is a
compromise between measurement speed and dephasing.

Probe current for resistance thermometers

To measure the resistance of the on-chip thermometers one has to find the optimum
between measurement accuracy and measurement errors introduced by self-heating. In

8
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a) b)

Figure 8.6 Response of the thermometer resistance to applied heater currents.
The resistance of the thermometers close to the heater (hot) and away from the heater
(cold) is measured at 2ω1 while the heater current is driven at ω1. a) Y-component
of the resistance change for various heater currents. b) X-and Y-component of the
thermometer resistance for the for various heater currents.

Appendix 8.B., measurements for determining the ideal probe current are shown and
discussed. We chose a probe current of 100 µA for all further measurements of this type.

8.4.2 Calibration: thermometer vs. heater current
To establish a thermal gradient across the material/device of interest a current is
pushed through the on-chip heater. This current is applied at a frequency ω1 and
selected as described in subsection 8.4.1. The resistance of the thermometers close
to the heater (hot) and away from the heater (cold) is measured at 2ω1. Since the
resistance measurement involves a lock-in detection, the voltage signal has an X- and
Y-component (X: in-phase, Y: out-of-phase). As shown in Figure 8.6 a) the signal scales
quadratically with increasing heater currents. The quadratic increase in thermometer
resistance indicates Joule heating according to P = RI2 where P is the power, R is the
resistance of the heater and I is the heater current. The data can further be interpreted
that the device is operated in the linear regime where the applied effects are reversible.
As illustrated in Figure 8.6 b), the Y-component is dominating, indicating an operation
in a regime where the system can follow the thermal modulation using the heater current.
The data points shown in Figure 8.6 a) and b) are the averages over the last 40 s of
a 120 s measurement series, as shown in Appendix 8.C. After ≈30 s, the system has
reached a steady-state, as expected for the used lock-in settings, as discussed before in
Subsection 8.4.1 The Y-component of the signal on the cold thermometer is 1.6 % of the
signal on the hot thermometer. This is in contrast to the X-component, where on the
cold side 5 % of the signal on the hot side is detected. This increase in difference can be
explained by a much larger measurement uncertainty due to the low signal on the cold
side. Overall, the very low signal on the thermometer away from the heater indicates
that it does not heat up or that the heating up can be neglected in this case. This is in
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a) b)

c)

d) e)

Figure 8.7 Thermalization times within the cryostat and extraction of tem-
perature gradients. a) Cryostat temperature as a function of time, starting from
when the set cryostat temperature is increased by 1 K. The series goes from 285 K
to 304 K. b) Cryostat temperature as a function of time, after changing the cryostat
temperature from 299 K to 300 K. The same curve is highlighted in a) in red. c) On-chip
thermometer resistance as a function of time, after changing the cryostat temperature
from 299 K to 300 K. d) On-chip thermometer resistance as a function of cryostat
temperature. A linear fit to the data in the region 299 K to 308 K. e) Temperature
gradient ∆T as a function of cryostat temperature for fixed applied heater current.

agreement with our finite-element methods calculations as shown in Section 8.3.

8.4.3 Calibration: thermometer vs. cryostat temperature
Besides knowledge about the timescales for the signal to stabilize on-chip, it is important
for the temperature calibration to monitor the on-chip response to a change of the
cryostat temperature. In Figure 8.7a), the measured cryostat temperature is shown for
30 min after a change in the set cryostat temperature by +1 K. The temperature is
read out and set by a temperature controller (MercuryiTC, Oxford Instruments). The
response of the on-chip thermometer’s resistance and the measured cryostat temperature
are shown in Figure 8.7c) and b), respectively. The spread in the raw data of the on-chip
thermometer is attributed to the low probe current as explained in Subsection 8.4.1 By
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averaging over 5000 points an accuracy of below 0.1 % is achieved.
To extract the temperature gradient ∆T the thermometer resistance versus bath

temperature curve, shown in Figure 8.7d), is combined with the thermometer resistance
versus heater current curves, shown in Figure 8.6. Since the thermometers and heaters
do show some temperature dependence of their resistance, the resulting temperature
gradient needs to be calibrated also as a function of cryostat temperature. Figure 8.7e)
depicts this temperature dependence. Since we use a voltage-controlled current source,
the current is fixed, while the heater resistance decreases with decreasing temperature.
This leads to an overall decrease in heater power. Additionally, there are multiple
competing factors at play for thermalization. The thermal conductivity of the metal
leads decreases with decreasing temperature according to the Wiedemann-Franz law79,
while the thermal conductivity of the underlying substrate increases with decreasing
temperature, leading to a faster thermalization with the substrate.253–255 The extracted
temperature gradients are used in the calculation of the Seebeck coefficients.

8.5 Thermoelectrical characterization of graphene films
Before applying the AC method to graphene nanoribbons, we verify the working principle
on graphene. Graphene is a well-known and characterized material system with a peak
Seebeck value of ≈100 µV/K.224,225 Due to its unique bandstructure it is possible to
tune the charge carrier majority from holes to electrons by applying an electrostatic
field. This manifests by a sign change of the thermovoltage, and hence the Seebeck
coefficient at the charge neutrality point (CNP). The Thermovoltage is the highest close
to the CNP where the change in charge carrier density per energy change is the highest
( this corresponds to where the derivative of the conductance is highest). From the sign
of the thermovoltage one can deduce the type of the charge carrier majority. A negative
sign corresponds to holes while a positive sign corresponds to electrons. In Figure 8.8a)
a SEM image of a graphene device is shown. The graphene can be separated into three
regions (labeled 1,2 and 3). In region 2, the charge carrier density in the graphene
can be tuned by applying a voltage to the gate electrodes, while in regions 1 and 3
this would only be possible by applying a voltage to the silicon substrate (global gate).
We probe the transport properties of the graphene by measuring the conductance as a
function of gate voltage. In Figure 8.8b) this recorded curve is shown. The behavior
follows the expected trend for graphene, with the CNP at ≈-0.3 V. Interestingly, the
conductance can be tuned only by a factor of 2. This can be understood geometrically.
In regions 1 and 3, the gate voltage has little to no effect on the charge carrier density,
hence only in less than half of the graphene channel, region 2, the conductance can be
modulated, which is reflected in the overall device conductance modulation. Further,
since CVD-graphene is usually slightly p-doped after the transfer, in combination with
the p-doping of the graphene in the vicinity of the metal contacts, region 1 and 3
can be seen as slightly p-doped.256,257 This results in a doping constellation for the
different graphene regions 1-2-3 of p − p − p in the case of a negative applied gate
voltage, while in the case of a positive applied gate voltage a doping constellation of
p − n − p arises. These two situations are illustrated in the insets of Figure 8.8c) where
the solid blue line indicates the Fermi energy EF and the energy dispersions in the
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a) b)

c) d)
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Figure 8.8 Electronic and thermoelectric characterization of graphene in
vertical heater geometry at room temperature. During all measurements an AC
temperature gradient of 3.8 K is applied. a) SEM image of a graphene device. The
graphene (white dashed line) is separated into three regions (labeled 1,2 and 3). b)
AC conductance as a function of gate voltage, measured while a DC voltage of +2 mV
was applied. c) AC thermocurrent as a function of gate voltage, measured while a DC
voltage of +2 mV was applied. Insets show the energy dispersions in the three different
graphene regions for positive and negative gate voltages. d) Thermovoltage as a function
of gate voltage, derived from the conduction and thermocurrent. (see main text for
details.)

three graphene regions are depicted. The measurement of the induced thermocurrent is
shown in Figure 8.8c). It is observed that the thermocurrent is negative for negative
gate voltages and turns slightly positive for positive gate voltages. We interpret this
observation by the p − n − p junction that is formed for positive gate voltages, leading
to a canceling-out of the different thermocurrents due to the change in charge carrier
majorities in the different regions. From the conductance G and the thermocurrent
Ithermo we calculate the thermovoltage Vthermo using Vthermo=1/G*Ithermo. The resulting
curve is plotted in Figure 8.8d). We see the maximum of the thermovoltage peaking at
≈-1 V in gate voltage, as expected and reasoned above. We did not further calculate a
Seebeck coefficient from this data since we think that the local temperature gradient in

8
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a) b)

c) d)

Figure 8.9 Electronic and thermoelectric characterization of 9-AGNR films at
room temperature. During all measurements an AC temperature gradient of 15.2 K
is applied. a) Current as a function of DC bias voltage characterization. b) Differential
conductance determined with a direct measurement using a lock-in and numerically
from the data shown in a). c) AC thermocurrent as a function of DC bias voltage. d)
Seebeck coefficient as a function of DC bias voltage.

the three different regions would need to be taken into account instead of the overall
thermal gradient. However, these measurements confirmed the correctness and working
principle of the AC method and therefore have been sufficiently analyzed to proceed
with the measurements on graphene nanoribbon-based devices as discussed in the next
section.

8.6 Thermoelectrical characterization of GNR films

8.6.1 Conductance and thermocurrent measurements
Now we turn towards the second part of the experiment. For the first time films of
GNRs are characterized thermoelectrically.

As a reminder, the graphene electrodes are separated by ≈100 nm. This is larger than
the average GNR length of 40 to 45 nm in the case of 9-AGNRs and <20 nm in the
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case of 17-AGNRs.

The thermoelectric characterization of GNR films is performed as outlined in Sec-
tion 8.4. A temperature gradient is applied by passing an AC current at frequency ω1
through an on-chip heater. The resulting thermocurrent, the device conductance, and
the DC current are measured simultaneously. The frequencies are 2ω1 and ω2 for the
thermocurrent and the conductance, respectively. In Figure 8.9a) the current-voltage
characteristics of a high-density 9-AGNRs films at room temperature are shown. The
I-Vs are highly nonlinear and have a slightly asymmetric behavior. Qualitatively, they
agree with the results on graphene electrodes separated by <15 nm, as discussed in
Chapter 4.

Since we measure both the differential conductance as well as the DC current, we can
cross-check their agreement. Figure 8.9b) shows a comparison between the measured
dI/dV and the numerically derived dI/dV from the I-V characteristics. The numerical
dI/dV has a much larger spread but is still in good agreement with the lock-in measure-
ment. This numerical differential conductance serves therefore as a reference and is not
used further on.

The thermocurrent is measured at various applied DC biases and gate voltages. For
two selected gate voltages, this is depicted in Figure 8.9c). Using Ohm’s law the
corresponding thermovoltage is calculated from the conductance and the thermocurrent.
Together with the ∆T calibration, as done in Subsection 8.4.3, the Seebeck coefficient
can be derived. Figure 8.9d) shows the Seebeck coefficient at various bias voltages for
two selected gate voltages. We see that the Seebeck coefficient scales with increasing
bias voltage. We further see that the ranges with lower conductance exhibit higher
Seebeck coefficient values, this behavior will be discussed later on. However, in order to
gain a better overview of the measured device characteristics, we show in Figure 8.10 the
simultaneously measured quantities of the films of GNRs, namely the DC source-drain
current (Isd), the AC conductance(Gsd) and the AC thermocurrent (Ĩsd), as a function
of applied DC bias and gate voltage, (Vsd and Vg), respectively.

The temperature gradient ∆T for this particular data set is 15.2 K. The top row depicts
the results on films of 9-AGNRs, while in the bottom row the results on 17-AGNRs are
shown. Note the slightly different bias and gate voltage ranges.

In the case of the 9-AGNRs, a strong gate and bias voltage dependence of the
source-drain current is observed, in accordance with results presented earlier in this
thesis.

At Vg= -6 V, the conductance as well as the thermocurrent show the highest values,
reaching 8 nS and -60 pA at Vsd=+1.5 V, respectively. The sign of the thermocurrent
depends on the type of the majority charge carrier as well as the direction of the
temperature gradient. In the presented case the heater below the drain contact was
heated, leading to a negative sign at positive bias voltages. In the case of the 17-
AGNRs, depicted in the bottom row of Figure 8.10, the gate voltage dependence is less
pronounced, in accordance with the results described in Chapter 5. The overall higher
conductance correlates with the slightly lower values in thermocurrent.
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Figure 8.10 Electronic and thermoelectric properties of GNR films at room
temperature. Measurements on 9-AGNRs and 17-AGNRs are shown in the top and
bottom row, respectively. In columns are maps of a) DC current Isd, b) differential
conductance Gsd and c) AC thermocurrent Ĩth of GNR films measured simultaneously
as a function of bias and gate voltage, Vsd and Vg, respectively.

8.6.2 Seebeck coefficient and power factor of GNRs
To further interpret the observed data, we apply a conversion from the thermocurrent
and the conductance to the thermovoltage (not shown) as proposed by Gehring et al. 221 :

S = − Ṽth

∆T̃
= − Ĩth

Gsd
· 1

∆T̃
(8.14)

Using Equation 8.14 we extract from the data shown in Figure 8.10 the corresponding
Seebeck coefficient S and the resulting power factor PF = GS2. Additionally, we take
into account that the temperature gradient is applied in opposite to the source-drain
direction. This is accounted for by a sign change of the thermocurrent. These two
parameters are shown in Figure 8.11. The obtained values for the Seebeck coefficient
reach -560 µV/K and +2120 µV/K in the case of the 9-AGNRs films and for the
17-AGNRs films -1350 µV/K and +1400 µV/K. These extraordinary high values result
in a corresponding power factor PF of 3.05 · 10−15SV 2/K2 and 3.15 · 10−15SV 2/K2 for
the 9-AGNRs and 17-AGNRs, respectively.
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Figure 8.11 Seebeck coefficient and power factor of GNR films at room
temperature. The measured conductance and thermocurrent data are used to extract
the presented values. Results for 9-AGNRs and 17-AGNRs are shown in the top and
bottom row, respectively. In columns are maps of a) the Seebeck coefficient S and b)
the power factor PF as a function of bias and gate voltage, Vsd and Vg, respectively.

8.6.3 Seebeck coefficient at various heater currents

To further verify the high Seebeck values, we performed the same measurement under
various temperature gradients. In Appendix 8.D. the measured thermocurrent measure-
ments are shown. To see their scaling behavior we extracted the corresponding map of
the Seebeck coefficients and show them in Figure 8.12. Operating in the linear response
regime, the Seebeck coefficient should stay constant since it reflects a material property.
We observe this up to a temperature gradient of ≈20 K. With higher temperature

8

127



8 Seebeck coefficient of nanoscale devices

Figure 8.12 Seebeck coefficient of 9-AGNRs with various ∆T. Seebeck coefficient
S as a function of bias and gate voltage with various applied heater currents. The heater
currents and corresponding temperature gradients are indicated in the top right corner.
Dashed lines as guides to the eye.

gradients, we observe a deviation, resulting in lower Seebeck coefficients. This can be
understood intuitively as the electrical conductance of the film of GNRs increases with
temperature hence leading to lower thermocurrents.
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8.7 Conclusion and outlook
The Seebeck coefficient of Au-nanoparticles and GNRs has been determined. With the
planar geometry implemented for Au-nanoparticles, we saw that limitations of the planar
device geometry arise, resulting in a small thermal gradient and hence a less accurate
determination of S for the smallest thermal gradients. To better understand the system
it would be desirable to perform a systematic study on how the Seebeck coefficient scales
with the number of layers. This would be interesting to see how the transition from a
3D material to a 2D material similarly influences the observed thermovoltages as it has
been reported for the electrical conductivity.246

The first measurements of the Seebeck coefficient of atomically precise graphene
nanoribbon films obtained here are encouraging. Values of S up to 2000 µV/K at
room temperature are exceeding the reported value for high S materials, e.g. selenium
with ≈1000 µV/K.258 Our measurements with various applied temperature gradients
further indicate that we operate in the linear response regime probing the material
property. However, to further confirm the high Seebeck values, a direct measurement
of the thermovoltage is desirable due to several reasons. The current flowing through
the device can disturb the temperature gradient by generating additional temperature
differences via the Peltier effect.65 Additionally, the temperature dependence of the
device resistance has to be investigated further. This is also of interest from a purely
analytical standpoint. If one defines the Seebeck as follows:

S = − V

dT
(8.15)

where V is the measured thermovoltage and T the temperature increase. Now, by
assuming that not only the voltage but also the resistance is temperature dependent
(indicated in brackets), then the measured thermocurrent can be expressed as follows:

dI(T )
dT

= d

dT

V (T )
R(T ) = 1

R
· dV

dT
− 1

R2 · dR

dT
· V (8.16)

We see that from the first term the Seebeck coefficient can be derived as we have
done in this chapter. However, the second term has two competing contributions and
does not necessarily vanish, and should therefore be taken into account. The mentioned
temperature dependent resistance of the GNR film is therefore essential and needed to
confirm the obtained results.

To summarize, the first results and analysis procedures are highly encouraging and
motivate further studies on thermoelectricity in GNR based systems as well as in the
context of energy harvesting.
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Appendix 8.A. Frequency dependence of the
thermocurrent

a) b)

Figure 8.13 Frequency dependence of the thermocurrent. a) Amplitude of the
thermocurrent as a function of applied heater frequency. b) Phase of the thermocurrent
as a function of applied heater frequency. Red arrow indicates the selected heater
frequency of 3.123 Hz.

Experiments that involve measurements of modulated signals require a careful deter-
mination of the used frequencies. This in order to not measure outside of the bandwidth
of the device under test, which would lead to unphysical properties/a probing of the
measurement instrumentation. Such a calibration is of particular interest in the case of
thermoelectric characterization of nanoscale devices, since there thermalization effects
are also significant.

In Figure 8.13 the amplitude and phase of the thermocurrent signal as a function
of applied heater frequency is displayed. The measurement is performed on a typical
9-AGNR film sample with an applied, fixed, bias- and gate voltage of 1 V and -8 V,
respectively and a heater amplitude of 2 mA. These parameters were chosen to be in a
regime with a strong thermocurrent signal. For each frequency, the plotted data points
each represent the average of the data acquired during the last 20 s of a 150 s long
measurement.

In Figure 8.13a) one sees clearly that the signal amplitude starts to drop at a heater
frequency >10 Hz. This behaviour can be explained by the thermal equilibrium time of
the system as outlined in Subsection 8.4.1. On the other side, the corresponding phase
shown in Figure 8.13 b) already starts to drift below 10 Hz. Note, the phase jumps
slightly below 2 Hz by π, this change is arbitrary and has no direct physical consequences.
Our observations are in accordance with results reported by Gehring et al. 247 , where
the thermal response of the system is illustrated by presenting the scanning thermal
microscopy (SThM) signal on the hot contact and shows deviations from the DC signal
at a frequency above ≈3 Hz. Taking the above mentioned considerations into account,
we selected the heater frequency at 3.123 Hz since it seems to be a good compromise
between measurement speed and accuracy.
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Appendix 8.B. Probe current for resistance thermometers

a) b)

Figure 8.14 Thermometer resistance versus different probe currents. The
resistance of the on-on chip thermometer is probed in a 4-terminal configuration using
different probe currents. The right panel shows the same data on linear scale. The used
probe current of 100 µA is indicated with red arrows.

For measuring the resistance of the on-chip thermometers one has to find the optimum
between measurement accuracy and self heating. To achieve a very accurate value for
the resistance, the probe current of the 4-terminal measurement needs to be as high as
possible. On the other side, it should be as low as possible to keep the effect of joule
heating on the resistance negligible. In Figure 8.14 the resistance of a typical on-chip
thermometer is plotted for different DC probe currents. A probe current below 10 µA
leads to a large spread in resistance values. The resistance value gets more and more
accurate with increasing probe current but also starts to increases quadratically above
≈200 µA, which points to joule heating. This effect is sometimes referred as self-heating.
Taking above points into consideration we chose a probe current of 100 µA for all further
measurements of this type.
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Appendix 8.C. Thermometer response

a) b)

heatercurrent:
changed to 2.17mA

Figure 8.15 Response of the thermometer resistance to heater currents. The
resistance of the thermometers close to the heater (hot) and away from the heater (cold)
is measured at 2ω1 while the heater current is driven at ω1. a) Y-component of the
resistance over time after a change of heater current to 2.17 mA. b) X-component of
the resistance for various heater currents.

The data points shown in Figure 8.15b) are the last 40 s of a 120 s measurement
series as shown in Figure 8.15a). After ≈30 s the system has reached steady state again.
Whether this effect is due to the established thermal gradient or the instrument requiring
such long settling times is difficult to judge and would need further quantification by
using other methods like for example scanning thermal microscopy (SThM).
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Appendix 8.D. Thermocurrents at various heater currents

Figure 8.16 Thermocurrent of films of 9-AGNRs at room temperature.
Thermocurrents as function of bias and gate voltage for various heater currents. The
heater currents with the corresponding temperature gradient are indicated in the top
right corner.
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9 Spatially mapping thermal
transport in graphene by an
opto-thermal method
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Figure 9.1 Schematic illustration of the method for obtaining a spatially
resolved map of the thermal conductivity of suspended graphene. Figure taken
from Braun et al. 90

Mapping the thermal transport properties of materials at the nanoscale is of critical importance
for optimizing heat conduction in nanoscale devices. Several methods to determine the
thermal conductivity of materials have been developed, most of them yielding an average
value across the sample, thereby disregarding the role of local variations. Here, we present
a method for the spatially-resolved assessment of the thermal conductivity of suspended
graphene by using a combination of confocal Raman thermometry and a finite-element
calculations-based fitting procedure. We demonstrate the working principle of our method by
extracting the two-dimensional thermal conductivity map of one pristine suspended single-
layer graphene sheet and one irradiated using helium ions. In the last section, a clustering
approach developed by us is applied to the defect-engineered graphene membrane to identify
spectrally separated regions without a priori know-how of Raman spectra modifications.
Our method paves the way for spatially resolving the thermal conductivity of other types of
layered materials. This is particularly relevant for the design and engineering of nanoscale
thermal circuits (e.g. thermal diodes).
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Contributions:
O.B., I.S., M.C., and M.L.P. conceived and designed the experiments. K.T. developed
the graphene growth recipe and transfer process used in this study. R.Fu. performed
the graphene growth. O.B and I.S. prepared the SiN frame and performed the defect
engineering using a focused ion beam. O.B. performed the Raman measurements. O.B.,
M.L.P., M.C., and I.Z. did the Raman spectroscopy analysis. P.B. developed the finite-
element model to calculate the temperature distribution for a single laser spot position.
M.L.P. extended the model to construct the temperature map upon illumination by
the Raman laser and developed the procedure to fit the thermal conductivity. M.L.P.
performed all finite-element calculations. M.L.P. performed the machine learning analysis,
with input from O.B., M.E., J.O., M.C, H.v.d.Z.

The first part of this chapter has been submitted as an article and is adapted from Braun et al. 90 .
Section 9.6 is adapted from El Abbassi et al. 113
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9.1 Introduction
Thermal properties of materials are of crucial importance for optimizing heat management
in nanoscale devices, with thermal conductivity as a key material property.49,259 The
thermal conductivity is typically determined by monitoring the sample temperature
and/or heat flow in response to a local heat source, in combination with an analytical
expression or a numerical model. For instance, for bulk materials, the well known 3ω
technique260,261 is used, while for nanoscale materials, methods such as the thermal
bridge method 226,262,263 and micro-Raman spectroscopy59,60,264,265 provide the thermal
conductivity of the material.

Of particular interest are the thermal properties of layered materials. Due to their
broad range of conductivity values and their atomically thin nature, such materials
are highly relevant for heat management at the nanoscale.266,267 One of the most
appealing materials is graphene, with extraordinarily high thermal conductivity values.
However, extracting the thermal properties of 2D materials is challenging, in particular
when suspended to reduce the influence of the substrate. For example, time-domain
thermoreflectance cannot be applied to 2D materials as the material is too thin268.
Scanning thermal probe microscopy, on the other hand, despite possessing nanometer
resolution, is highly delicate to perform on suspended 2D materials. Moreover, both
techniques rely on on-chip heaters to channel heat into the system. Raman spectroscopy
can overcome these difficulties, as it can utilize the excitation laser to locally heat the
device, while at the same time measuring the local temperature. Moreover, Raman
spectroscopy can be conveniently performed on suspended graphene films to eliminate
the influence of the substrate. Using Raman spectroscopy, Balandin and Ghosh et
al.57,269 determined the thermal conductivity of suspended graphene to be as high as
∼5000 Wm−1K−1 at room temperature. Their opto-thermal method, measuring the
shift of the Raman G-band upon laser irradiation to estimate the local temperature,
has been extensively used in literature since. Alternatives based on the intensity ratio
of Stokes to anti-Stokes Raman scattering270 or the Raman 2D-band271 have also been
reported.

Using this opto-thermal method, the influence of the quality and structure of the
graphene, as well as the environment have been extensively investigated. For instance,
Cai et al. 114 reported values for κ exceeding ∼2500 Wm−1K−1 for suspended graphene
grown by chemical vapor deposition (CVD), and Chen et al. 272 studied the influence
of environment on thermal conductivity of graphene. Isotopically pure 12C (0.01 %
13C) graphene has been shown to exhibit κ = 4000 Wm−1K−1, a factor of two higher
than κ in graphene composed of a 1:1 mixture of 12C and 13C.58 Also, the influence
of CVD-graphene’s polycrystallinity on the thermal conductivity was studied by Lee
et al. 273 and Ma et al. 274 , revealing that smaller grain sizes drastically reduce κ due
to grain boundary scattering. Along similar lines, wrinkles275, oxygen-plasma induced
defects276, and electron beam irradiation277 have been shown to reduce the thermal
conductivity.

In all the above-mentioned studies, the one-dimensional heat equation is used to fit
the experimental temperature and extract the thermal conductivity. However, such
approaches yield an average for the thermal conductivity value, not a spatially resolved
map. This implies that local variations caused by defects, folds, contaminants, etc. are
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Figure 9.2 Experimental and Finite Element Method description. a) Schematic
drawing of the suspended graphene membrane. b) Experimental workflow to obtain
a temperature map upon laser illumination and computational workflow to fit the
corresponding thermal conductivity map. Figure taken from Braun et al. 90

neglected.

To go beyond the average material property value, approaches mapping the tem-
perature distribution in the sample are necessary, combined with a multidimensional
analytical-numerical model. A range of techniques has been developed for nanoscale
thermometry, such as time-domain thermoreflectance278, Raman spectroscopy57,269,
scanning thermal probe microscopy66,67,279, polymer imprint thermal mapping280 and
electron energy loss spectroscopy281.

Here, we introduce an opto-thermal method that allows for two-dimensional mapping
of the thermal conductivity of suspended graphene membranes. The presented method
relies on a combination of scanning µ-Raman spectroscopy with finite-element method
(FEM) calculations. The workflow for our approach is presented in Figure 9.2. In the
first experimental stage, a series of two-dimensional Raman spectroscopy maps are used
to construct a temperature map of the membrane upon illumination. More specifically,
Raman maps are recorded for various hotplate temperatures and at a low laser power.
This series of maps is used to construct a calibration map of the Raman peak shifts
with temperature. Then, another Raman map is recorded at high-laser power, which,
combined with the calibration map, is used to construct a temperature map of the
membrane upon laser heating.

The constructed experimental temperature map is then used as an input for the FEM-
based fit procedure. For a given initial guess of the thermal conductivity, the lattice
temperature upon laser illumination is calculated. The thermal conductivity is then
iteratively adjusted until the computed temperature map matches the experimental one.
We apply this fit procedure to extract the thermal conductivity of a pristine graphene
membrane that is suspended over a silicon nitride frame. Finally, we demonstrate that
the thermal conductivity of the graphene membrane can be tuned in a controlled way
by the introduction of helium-ion (He+-ion) induced defects in the membrane.
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9.2 Experimental temperature maps
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Figure 9.3 Experimental determination of temperature map. Spatially resolved
mapping of laser-induced temperature rise of graphene. a) Raman 2D-peak position
obtained with Plaser = 0.25 mW at different hot plate temperatures T1 and T7. The
dashed circle is a guide to the eye for the support edge. b) Density plot of the temperature
evolution of the 2D-peak frequency. Two spatial points (center and edge, see dots in
panel c)) are highlighted to represent the method. The inset shows a histogram of
dω2D/dT of the complete membrane. c) Spatial distribution of change in Raman shift
per temperature change dω2D/dT obtained from linear fits to the data shown in b).
d) Raman 2D-peak position obtained with Plaser = 4 mW at 297 K. e) Temperature
distribution obtained by combining the results from c) and d). Figure taken from Braun
et al. 90

9.2 Experimental temperature maps
The CVD-graphene membranes are prepared as described in the methods section. We
applied Raman spectroscopy to obtain the lattice temperature of the suspended graphene
membranes (for details see Appendix 9.A.). Here, we focus on the 2D-band due to its high
sensitivity to temperature changes272,273 of around -0.07 cm−1/K. Alternatively, one can
also rely on the G-peak due to its high linearity in peak shift versus temperature.114,269,282

Figure 9.3a) presents maps of the Lorentzian-fitted 2D-peaks were acquired at tem-
peratures T1-T7 ranging between 298 K and 425 K. The Raman spectra have been
acquired at low laser power (0.25 mW) to limit any heating effects using a 532 nm
excitation laser (for details see Appendix 9.B.). For each pixel, the peak shift with
hot plate temperature (dω2D/dT ) is fitted using a first-order polynomial, as shown
in Figure 9.3b). The inset presents a histogram of the slopes, showing a Gaussian
distribution centered around -0.07 cm−1/K. The spatial distribution of the peak shifts
with temperature is displayed in Figure 9.3c), showing substantial spatial variations.
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Figure 9.4 Finite Element Method description. a) Input thermal conductivity
map. b) Schematic representation of the sample and the calculation mesh. Temperature
profiles of the graphene membrane with the heating laser spot at three different positions
1)-3). c) Temperature profile upon laser illumination. Figure taken from Braun et al. 90

Once this calibration map is acquired, a Raman map of the graphene membrane is
acquired at high laser power (4 mW), as shown in Figure 9.3d). The high laser power
causes the graphene to locally heat, resulting in a shift in the Raman peak position. By
combining this high-power measurement with the dω2D/dT map obtained at low laser
power, a map of the average temperature within the laser spot is obtained for each laser
position, as shown in Figure 9.3b). We note that local variations in the temperature
upon illumination on the order of 50-100 K are observed, highlighting the importance of
spatially mapping the temperature, superior to other techniques that extract thermal
conductivity from a single spot.

9.3 FEM calculations
FEM calculations are employed for the computation of the temperature map of the
system upon laser illumination for a given spatial thermal conductivity distribution.
This concept is illustrated in Figure 9.4. As an input, a two-dimensional map of
the thermal conductivity is provided, of which an example is shown in Figure 9.4a).
Figure 9.4b) presents the layout of the system (not to scale). A more detailed description
of the FEM calculation is shown in Appendix 9.C. and 9.D.. While scanning the laser
across the membrane, the full temperature distribution is calculated for each laser spot
position on the membrane (three examples are provided in Figure 9.4b). For each
of these temperature distributions, the average temperature within the laser spot is
calculated, from which all values are combined to obtain a two-dimensional map of the
graphene temperature upon illumination. This induced-temperature map is presented in
Figure 9.4c) and represents the same temperature map that is obtained experimentally
upon illumination of the sample with high laser power.

To obtain the thermal conductivity map, an iterative minimization procedure is
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employed. More information can be found in Appendix 9.D., in which we also validate
the numerical method on a simulated system with a known thermal conductivity map.
The starting point is an initial (typically uniform) guess of the thermal conductivity. In
each iteration of the process, the corresponding induced temperature map is compared
to the experimental temperature map, after which the thermal conductivity is adjusted
pixel-wise according to the temperature difference. This process is repeated until
convergence is reached.

9.4 Thermal conductivity map based on fitted
experimental temperature map

The induced temperature map obtained in Figure 9.3 is used as input for the iterative
procedure to obtain the thermal conductivity map. Here, as clarified in Appendix 9.8,
we use a uniform absorption of 2.7 % for the suspended graphene and double that value
(5.4 %) for the supported graphene. Moreover, all the employed model parameters are
summarized in Table 1 of Appendix 9.8. Importantly, in the model, a diffraction-limited
spot size of 300 nm is assumed. Moreover, the thermal conductivity of graphene on
the supported part, the thermal coupling to the substrate, as well as the convection
parameter are taken from literature.114 Finally, we note that it is challenging to model
the transition from the suspended graphene to the supported graphene once the laser
spot is in the vicinity of the edge due to 1) reflections of the laser excitation at the edges
of the support may lead to an increase in the deposited laser power, 2) quenching of
the Raman scattered light on the substrate may lead to an overestimation of the local
temperature as the 2D peak of the suspended graphene is more pronounced than that of
the supported graphene. To circumvent this issue, the thermal conductivity of the first
0.5 µm of the membranes away from the support are not fitted and kept at a fixed value.
Finally, the thermal conductivity is fitted for 100 iterations, after which the absorption
is fitted for the same number of cycles. More details about this procedure can be found
in Supplementary Note 2 of Braun et al. 130 . For numerical stability reasons, we use a
lower value for the thermal conductivity at 100 Wm−1K−1.

Figure 9.5a) presents the experimental temperature map, as obtained in Figure 9.3e),
alongside the fitted temperature map in Figure 9.5b). The two maps closely resemble
each other. The corresponding thermal conductivity map is presented in Figure 9.5c).
We find that the local thermal conductivity values range from 500 to 2000 Wm−1K−1

with an average value of 1007±450 Wm−1K−1 highlighting the importance of spatially
resolving the thermal conductivity. The average value is in agreement with values
reported previously as well as by other methods.283,284 In Figure 9.5e), we present a
histogram of the fitted thermal conductivity map for increasing hot plate temperatures.
The bar plots show that for increasing temperature a gradual decrease in thermal
conductivity is observed. This behavior follows the trend observed by others.58,272,273
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Figure 9.5 Thermal conductivity map based on fitted experimental data. a)
Experimentally determined temperature map. b) Fitted temperature map. c) Fitted
thermal conductivity map. d) Converged absorption map. e) Histogram of the thermal
conductivity for various hot plate temperatures. Arrows indicate the mode of the
smoothed distributions. Figure taken from Braun et al. 90

9.5 Thermal conductivity of defect-engineered graphene

As a final demonstration of the capability of the presented method, we study the thermal
conductivity of a graphene membrane that is exposed to He+-ions using focused ion beam
lithography. As shown previously, He+-ions can be used to induce, in a controlled fashion,
defects in suspended graphene membranes and other two-dimensional materials.129,285

Figure 9.6a) presents the exposure pattern as well as the used irradiation doses.
The membrane is divided into four quadrants, with the He+-ion irradiation steadily
increasing in the counterclockwise direction, starting in the lower left with no He+-ion
dose. Manually selected representative Raman spectra of each quadrant are presented
in Appendix 9.A., exhibiting all the characteristic graphene peaks. Upon an increase
of the He+-ion dose, the D-band intensity steadily increases. The intensity ratio of the
D and D’ band I(D)/I(D’) upon irradiation, is indicative of the type of defect.286 We
extract this ratio by fitting the ratios I(D)/I(G) versus I(D’)/I(G) for various He+-ion
doses. We find an intensity ratio of ∼11.7 for the defect-engineered graphene. This
value is comparable to the reported intensity ratio of ∼13 for sp3 type of defects (see
Appendix 9.A.). We employ the same procedure as presented in Figures 9.3 for the
extraction of the temperature. Figure 9.6b) presents the induced temperature map
upon a 4 mW laser illumination. In this plot, the four quadrants are visible, with the
lowest temperatures recorded in the (unexposed) lower left section of the membrane,
and the highest one in the upper left (most exposed). This temperature map is used
as input for the iterative FEM-based fitting procedure, resulting in the fitted thermal
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9.5 Thermal conductivity of defect-engineered graphene

Figure 9.6 Thermal conductivity of defect engineered graphene. a) Schematic
image of a suspended graphene membrane. The areas where the membrane was exposed
to He+-ions and their corresponding dose is indicated with different colors. b) Experi-
mentally observed temperature map. c) Fitted thermal conductivity map. d) Fitted
temperature map. e) Histogram of the thermal conductivity for various defect densities.
Figure taken from Braun et al. 90

conductivity map in Figure 9.6c) and the corresponding fitted temperature map shown
in Figure 9.6d). Figure 9.6e) presents a histogram of the thermal conductivity of each
of the four quadrants. A steady decrease in average conductivity is observed, from
∼1000 Wm−1K−1 for the no He+-ion irradiation, and ∼100 Wm−1K−1 for the highest
He+-ion dose. This decrease in thermal conductivity with increasing defect density is in
agreement with previous reports.276,277

In this study, based on extensive literature, it was known beforehand which peaks
are relevant for graphene (D, G, 2D), that the 2D peak is sensitive to damage, and also
where the He+ damage has been introduced. However, such knowledge is not always
available, and in such cases, unsupervised machine learning algorithms are very useful
as they aim to identify structures in datasets, without any beforehand knowledge of
the system. Given the high quality of this dataset and the precision with which the
He+-ion irradiation occurred, this system forms a nice benchmark for investigating such
algorithms. As shown in Section 9.6 and reported in El Abbassi et al. 113 , we have
investigated such clustering approaches and applied them to this Raman data set.
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Figure 9.7 Concept of our approach for univariate data classification. Any dataset in
which the data depends on a single variable (for instance current I vs. bias voltage V ,
conductance G vs. electrode displacement d, force F vs. displacement d, intensity Int
vs. energy E, etc.) can be converted into a feature vector. The feature space spanning
the entire dataset is then split into clusters (represented using different colors) using a
clustering algorithm. Finally, cluster validation indices (CVIs) are used to estimate the
optimal number of clusters (NoC). Figure taken from El Abbassi et al. 113

9.6 Unsupervised classification of Raman spectrum in
maps of defect engineered graphene

Unsupervised machine learning, and in particular data clustering, is a powerful approach
for the analysis of datasets and identification of characteristic features occurring through-
out a dataset. It is gaining popularity across scientific disciplines and is particularly
useful for applications without a priori knowledge of the data structure. As published
in El Abbassi et al. 113 we introduced an approach for unsupervised data classification of
any dataset consisting of a series of univariate measurements, among them Raman mea-
surements. The effect of He+-ion-induced defects on the Raman spectrum of graphene
is known from literature129,287, but for our analysis here we explicitly do not rely on any
a priori knowledge of the system, i.e., we do not need to know beforehand which Raman
bands will be altered by the irradiation and by what spatial pattern the graphene has
been irradiated. Instead, we use our clustering approach to identify the different types
of Raman spectra present in the sample from which we infer the spatial distribution of
He-irradiation doses and their effect on the graphene spectrum.

Our three-step approach consists of: 1) the feature space construction, 2) the clustering
algorithm, and 3) the internal validation to define the optimum number of clusters
(NoC). A schematic of the workflow for the unsupervised classification of univariate
measurements is depicted in Figure 9.7, starting from a dataset consisting of N univariate
and discrete functions f(xi), i ∈ [1, N ]. Each measurement curve is converted into
an M-dimensional feature vector, resulting in a feature space containing M × N data
points. After this step, a clustering algorithm is applied. As the number of classes is
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9.6 Unsupervised classification of Raman spectrum in maps of defect engineered
graphene

Figure 9.8 Application of the method on Raman spectra. a) Sample layout:
suspended graphene membrane irradiated with four different He+-ion doses. b) Par-
titioned feature space, constructed with 28 × 28 + uniform manifold approximation
and projection (UMAP) using the cosine (cos.) distance metric and the graph average
linkage (GAL) clustering algorithm. c) Spatial map of the extracted clusters. d) Average
Raman spectrum of each cluster. Figure taken from El Abbassi et al. 113

not known a priori, this clustering step is repeated for a range of cluster numbers (in
this illustration for 2–4 clusters).

Based on an extensive benchmark to rank the different clusters, we find that the
feature spaces 28 × 28 + t-distributed stochastic neighbor embedding (t-SNE)288 and
28 × 28 + uniform manifold approximation and projection (UMAP)289 feature spaces
perform the best. For both approaches, the Raman spectra are first reduced to a 28x28
histogram, after which dimensionality reduction is performed (UMAP or t-SNE). After
this step, we compare various clustering algorithms using cluster validation indices. The
graph average linkage (GAL) algorithm290 performs best, separating the dataset into 7
clusters (see Supplementary Note 8 of El Abbassi et al. 113 for more details).

Figure 9.8b) presents the partitioned feature space, containing several well-separated
clusters. From this partitioning, we construct a two-dimensional map of the clusters to
investigate their spatial distribution (see Figure 9.8c). The plot shows that the extracted
clusters match well the physical topology of the sample: Clusters 1–4 are located on
the suspended graphene membrane, reproducing the four quadrants. Clusters 5–7 form
concentric rings located at the edge of the boundary between the SiN/Ti/Au support and
the hole and on the support itself. Figure 9.8d) shows the average spectrum obtained
per cluster from the which the following characteristics can be evoked:
Cluster 1 shows a flat background, with pronounced peaks at 1585 cm-1and 2670 cm-1. For
Clusters 2 to 4 (corresponding to increasing He+-ion-doses), a peak at 1340 cm-1appears
with steadily increasing intensity while the intensity of the peak at 2670 cm-1, decreases.
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Cluster 5, located at the edge of the support possesses all three above-mentioned
peaks, while for Clusters 6 and 7 a broad fluorescence background originating from
the gold is present and all graphene-related peaks drastically decrease in prominence.
Interestingly, the four quadrants have only been identified as distinct clusters on the
suspended part, but not on the substrate. This implies that the clustering algorithm
identifies spectral changes upon He+-ion irradiation as characteristic features of the
freely suspended material, whereas the additional fluorescence background from the gold
is a more characteristic attribute of the supported material than the variation between
quadrants. Nevertheless, when inspecting Clusters 6 and 7, some substructure is still
visible, and performing clustering on that subset may reveal additional structure.

The three observed peaks correspond to the well-known D-, G- and 2D-peak and follow
the behavior expected for progressive damage to graphene by He+-ion irradiation129,287.
We would like to stress that our approach allowed us to extract the increase of the D
peak and the decrease of the 2D-peak after introducing defects in graphene, without
any beforehand knowledge of the system: neither the type of Raman spectra under
consideration nor where on the sample the He+-ion irradiation occurred.

9.7 Discussion
The FEM calculations employed here assume that the heat transport through the system
is following Fourier’s Law. This assumption implies that the phonon mean free path
is much smaller than the membrane size. Indeed, ballistic phonon transport has been
reported in several nanosystems at room temperature: In substrate-supported graphene
the phonon mean free path is ∼100 nm291; for suspended graphene discs, the transition
from ballistic to diffusive transport occurs at ∼775 nm292 while in ultrathin nanowires
phonon mean free paths of several micrometers have been observed.293 Therefore, the
resolution of the presented method is limited by the phonon mean free path as a
spatial mapping of the thermal conductivity below this length scale would require a
heat transport description based on the Boltzmann transport equation.84–86 Given this
boundary condition, the resolution of 250 nm used in this study is close to the ultimate
resolution this FEM-based method allows.

A limitation of the presented method is the time consumption of the temperature
calibration, reducing its use in high-throughput applications. As the laser power is low,
acquiring the two-dimensional Raman map at each temperature requires several hours.
This long acquisition time can also lead to a drift in the sample position during the
measurement. To reduce this drift, clamping of the sample and a good thermalization
of the sample with the environment is crucial. Furthermore, as changing the hot plate
temperature leads to shifts of the sample position, the Raman maps acquired at various
temperatures need to be aligned one versus the other.

A second limitation is the fixed value for the absorption of 2.7 % that is used for the
first 100 cycles of the fitting procedure, after which the absorption is fitted as well. The
accuracy of the model may be improved by experimentally determining the absorption
at the various hot plate temperatures. Ideally, the absorption would be measured by
simultaneously monitoring the transmitted, and reflected laser power while scanning
across the sample. We stress that simultaneously measuring both components is crucial,
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as contaminations and residues on the membrane may scatter the laser light, leading
to a reduction in the transmitted light, but not to an increase in absorption. However,
such a measurement is challenging and technically unfeasible in our current setup.

Despite the previously mentioned limitations, our method is well suited for studying
the thermal properties of two-dimensional materials, in particular for materials with an
anisotropic thermal conductivity.294–296 The method can also be extended to characterize
van der Waals materials consisting of multiple layers. Furthermore, the method is
extensible from two to three dimensions, allowing for modeling of more complex device
geometries, including, for instance, stacks of 2D materials, or the presence of contact
electrodes of finite thickness. As such, it could be used for assessing the material
quality after device integration. Also, as the individual two-dimensional materials in a
stacked geometry each have a distinct Raman signature, it is possible to investigate the
subsurface thermal properties of materials, such as, for instance, graphene embedded in
a thin hexagonal boron nitride layer. Alternatively, when the material under study is on
a substrate or thick enough, other means of determining the temperature map may be
used, like time-domain thermoreflectance, for reduced measurement time and improve
throughput.

9.8 Conclusion and outlook
We have introduced a method for spatially mapping the thermal conductivity of single-
layer graphene using a combination of Raman spectroscopy and finite-element calculations
at ultimate resolution. We anticipate that this method can be applied to other single-
and few-layer materials. We applied the method to obtain the thermal conductivity of a
pristine and He+-ion patterned suspended single-layer graphene film. For the unpatterned
film, large variations of the extracted thermal conductivity are observed and attributed to
local irregularities such as contamination, defects, or folds. These findings highlight the
importance of spatial mapping of the thermal conductivity, in contrast to measurement
approaches that yield a thermal conductivity averaged across the entire sample. On the
patterned membrane, we demonstrate controlled engineering of the thermal conductivity
by He+-ion irradiation. As Raman spectroscopy is widely used in the two-dimensional
materials community, our method is ideally suited to study the thermal properties of
other layered materials. Moreover, the working principle of the FEM method can easily
be extended to more complex geometries or interfaces, in particular, combined with
alternative measurement techniques for providing a temperature map. Our method
enables spatially resolving the thermal conductivity of atomically thin materials, a
prerequisite for optimizing and engineering thermal stewardship in nanoscale devices.

We have also shown that Raman datasets acquired on precisely patterned nanostruc-
tures can form an ideal benchmark for testing unsupervised machine learning algorithms.
Such machine learning approaches can reveal substructures, hidden even for the trained
and experienced observer. It further facilitates the data interpretation and removes a
big portion of the human bias to data treatment. This gives hope that novel insights in
experiments with large data sets can be gained from approaches as introduced here.

9

147



9 Spatially mapping thermal transport in graphene by an opto-thermal method

Appendix 9.A. Raman spectra of pristine and defect
engineered graphene

Figure 9.9 Raman spectra graphene membranes. Top row: pristine graphene
membrane. a) Scanning electron micrograph of a representative suspended graphene
membrane. Arrows indicate defects (holes, contaminations, folds). b) Representative
Raman spectra in the center of the same graphene membrane. The typical Raman bands,
G and 2D, are labeled. The absence of the D-band indicates high graphene quality. The
inset shows a histogram of fitted 2D-peak positions of Raman spectra obtained from a
spatial 2D-mapping of the same device. The spread in 2D-peak position is attributed to
different levels of strain, doping or defects. Bottom row: Defect engineered graphene
membrane. a) Raman spectra of He+-ion irradiated suspended graphene. The inset
shows the He+-ion doses on the membrane. b) Intensity ratio I(D)/I(G) at different
average distances between defects. c) Intensity ratio I(D)/I(G) versus I(D’)/I(G) leads
to I(D)/I(D’) of ∼11.7.
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Appendix 9.B. Laser power and absorption

Figure 9.10 Influence of laser power. a) Correlation between set and measured
laser power before the objective. b) Measured laser power at different positions in the
experimental setup. c) 2D peak evolution for different laser powers. Peak properties
extracted from Lorentz fit to the spectra. Spectra taken with a grating of 1800 g/mm.
d) Measured laser power below sample while performing line scan over sample. In
blue the hole size in the SiN membrane is indicated. e) Geometry used for finite
element calculations. Graphene, where suspended/supported, is indicated in green/gray
respectively. The position of the laser spot is indicated with blue. The mesh used for
finite element calculations is indicated with thin black triangles.
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Appendix 9.C. Laser spot size, beam profile and FEM
parameters

Figure 9.11 Influence of laser spot size and beam profile. a)-c) Influence of
spot size in calculations. d) and e) Constructed temperature map upon illumination for
comparing a Gaussian and uniform beam profile.
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Parameter short unit value
Radius of suspended graphene R um 3.5
Radius of supported graphene Rsupp um 8
Radius of beam spot r0 nm 300
Thickness of graphene tgr nm 0.353
Absorbed laser power Qabs mW 4
Ambient temperature T0 K 298
Convection coefficient graphene to air hconv Wm−2K−1 2.9 × 104

Interface thermal conductance between
graphene and Au/Si3N4 substrate

g Wm−2K−1 2.8 × 107

Comsol Multiphysics adaptive mesh - tetrahedral1

Table 9.1 Parameters used in finite element calculations

Appendix 9.D. Validation of method

Figure 9.12 Validation of method. Demonstration of iterative calculation procedure
in order to obtain a map of the thermal conductivity of defect engineered graphene.

We validate our numerical method on a simulated system with a known thermal
conductivity map, as shown in Fig. 9.12a). The thermal conductivity of the suspended
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graphene is set to 1000 Wm−1K−1, while only 500 Wm−1K−1 is used on the support. In
the center of the membrane, a cross of low thermal conductivity values is defined. The
temperature map upon illumination is also shown in the left panel, in which the cross in
low conductivity values results in a cross of high temperatures. This temperature map
will be fit using our iterative approach.

The procedure starts with a uniform distribution of the thermal conductivity. For
each iteration, the induced temperature is calculated, as well as the error between the
’experimental’ map and the calculated map. The error is used to adjust the thermal
conductivity. For a series of iterations, the thermal conductivity, calculated temperature,
and temperature error are shown in Fig. 9.12. For an increasing number of iterations,
the original cross is steadily recovered in the thermal conductivity map, although with
rounded edges, an effect that is attributed to the convolution of the thermal conductivity
map with the Gaussian beam distribution. At the same time, the temperature error
map is being monitored, with the mean temperature error shown in Fig. 9.12c).
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10 Conclusion & outlook

This dissertation entitled Thermoelectric Effects in Nanoscale Devices describes the
results of a Ph.D. project with the aim to fabricate and investigate devices based on
nanomaterials. Thermoelectric materials generate electricity from temperature gradients.
To quantify their efficiency, three main aspects have to be considered: the electrical and
thermal transport as well as the Seebeck effect. All these aspects have been investigated
throughout this work.

10.1 Results and conclusions
First, the basic concepts, materials and methods were elaborated in Chapters 2 and 3.
We introduced the fundamentals of charge transport and thermoelectricity as well as
thermal transport. We emphasize the interplay of these three aspects and discuss
measurement techniques to quantify them in nanoscale objects. A strong focus is given
to the introduction of bottom-up synthesized graphene nanoribbons, which are the basic
material system under investigation in this thesis.

Next, we turn towards the investigation of charge transport properties of GNRs with a
variety of edge and width structures. The characterization of GNRs outside of ultra-high
vacuum conditions has only recently begun and therefore is still at a very early stage of
adoption. A particular challenge is to make reliable contacts to these nano objects. In
Chapter 4 an optimized procedure to fabricate graphene electrodes for contacting GNRs
is presented. The procedure uses standard top-down processes at their limits to make
graphene electrodes separated by down to <15 nm. Additionally, we show that a final
thermal annealing step drastically improves the device performance in 9-AGNR-FETs
due to local rearrangements and residue removal. In Chapter 5, these newly developed
graphene electrodes serve as a platform to probe charge transport in GNRs of various
widths and edge structures. In cases where the GNRs are shorter than 15 nm we use
graphene electrodes separated by only a few nanometers, formed by applying the electric
breakdown procedure. After transferring films of GNRs, we find that hopping of charge
carriers can occur over distances several times longer than the average GNR lengths.
This effect is studied as a function of GNR density and temperature, revealing strong
charging effects.

In devices with a small electrode separation, we found that at room temperature this
film behavior dominates the charge transport as well. However, at low temperatures,
Coulomb blockade, and single-electron tunneling were observed in these devices. This
proved that it is possible to contact a (few) GNR(s) using graphene electrodes. Although
their aspect ratio points towards 1D objects, GNRs behave electronically like 0D objects.
For the first time, the device integration of GNRs with partially zigzag-edges in a FET
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geometry is realized. This is astonishing since the zigzag edges are much more reactive
than their armchair counterparts. The particular edge structure of these pyrene-based
GNRs gives rise to a very low band gap with electronic states near a topological phase
boundary. In Chapter 6 we extend the standard FET geometry by multiple gates,
allowing the graphene electrodes and the GNR channel to be independently gated.
Preliminary results on such devices are presented, showing the formation of multiple
quantum dots in 9-AGNRs at low temperatures and differential gating thereof. This
advanced gating architecture is promising to fully unleash the potential of GNR based
devices. Besides advanced gating architectures, the contacts play an important role to
achieve this. We investigate the contacts to GNRs in Chapter 7. There we apply the
in the graphene community well-established edge-contacting technique to encapsulated
GNRs. This undertaking is highly challenging since the etching process of the top-hBN
geometrically limits the minimum channel length. First, results show that it is possible
to establish electrical contact to the GNRs, and at room temperature, hopping transport
is present while at low temperatures thermionic emission is the main charge transport
mechanism.

After that, we extended the electrical measurements on GNR based devices by a
thermoelectrical characterization. In Chapter 8, we report on the first measurements of
the Seebeck coefficient of films of GNRs, namely 9-AGNRs and 17-AGNRs. We found
astonishingly high values of up to 2000 µV/K. These measurements were carried out in
a thermocurrent, rather than thermovoltage, measurement scheme, therefore have to be
taken with a pinch of salt and will need further confirmation and control measurements
to exclude any contributing effects from other thermoelectric effects like the Peltier
effect and/or Thomson effect, or being caused by thermovoltages that build up at the
metal/graphene electrode interface. The presented results are encouraging and hold the
potential for impacting the field of nanoscale thermoelectricity.

Finally, Chapter 9 presents a novel approach to map the thermal conductivity. The
developed method is based on a temperature profile, measured using Raman spectroscopy
that is then iteratively evaluated using a finite-element methods fitting procedure. We
demonstrate the working principle by mapping the thermal conductivity of pristine
and defect-engineered graphene. This is of high interest in the context of thermal
management, e.g. for thermal diodes. The method is extendable to other systems such
as films of GNRs.

To conclude, we have investigated all three aspects of the thermoelectric figure of merit.
This by investigating contacting approaches to GNRs, revealing the potential of graphene
electrodes for GNR based electronic devices and fundamental investigation of GNRs. The
first-of-its-kind measurements of Seebeck coefficients of GNRs are highly encouraging
for further investigation from both a fundamental research and a technological point of
view. Mapping thermal conductivity is certainly an important tool for optimizing and
engineering thermal stewardship in nanoscale devices.

10.2 Outlook
Bottom-up synthesized graphene nanoribbons will serve as a capable platform for novel
physical phenomena. This due to the increasing variety of width and edge structures.297
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10.2 Outlook

Contacting these nano objects remains a challenging task. The presented contacting
approaches using graphene electrodes have shown that major improvements can be
achieved by using advanced gating geometries or thermal annealing. Further, an
encapsulation of the GNRs is possible but certainly limited to GNRs of sufficient length
constrained by the top-hBN and etching profile. The developed scalable contacting
platforms allow future investigation of GNRs with topologically protected modes.17,18,118

Material systems exhibiting such modes are believed to be a key building block for the
realization of a scalable quantum computer. However, for the near term future, contact
resistances play a dominating role and should be further investigated. To tackle this,
contact electrodes out of semimetals like e.g. bismuth could lead to further improvements
as it has been shown for MoS2 recently.298

The experimental thermoelectric characterization of GNRs is reported for the first
time in this Ph.D. thesis. Therefore, it needs careful cross-validation and will certainly be
discussed by the thermoelectricity community. One of these further control measurements
will be to verify the results using direct measurements of the thermovoltage with improved
electronic equipment. Certainly, a detailed investigation of the contribution of the Peltier
and Thomson effect will be needed. Further, it will be exciting to see how the edge
structure of the GNRs influences the Seebeck coefficient of GNR based devices. To boost
the zT of GNRs, it could be very interesting to investigate GNRs with changing width
along their axis, this could lead to an enhanced phonon scattering while keeping the
electrical and thermoelectrical properties unaffected.

Mapping thermal conductivity is certainly of great interest in existing and novel
nanoscale devices. In particular since the in Chapter 9 presented method is applicable
to other methods that record a temperature profile, it shows a certain universality.

Overall, the investigation of thermoelectric effects in nanoscale devices is a broad topic
that covers a variety of fields, from advanced nano fabrication over charge transport to
thermal transport. The findings in this thesis will certainly accelerate the implementation
of GNRs into devices and has hopefully convinced the reader that by starting from
molecules one can generate even more exciting nano objects, the GNRs! 10
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