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Abstract

Graphene, a single layer of carbon atoms, exhibits excellent charge transport
properties. However, due to the absence of a band gap in this two-dimensional
carbon nanostructure, graphene-based field effect transistors cannot be turned off.
One strategy to increase the on/off ratio relies on patterning graphene into narrow
stripes, so-called graphene nanoribbons (GNRs). The present thesis aimed at de-
veloping novel fabrication and chemical functionalization methods for GNRs. Along
these lines, electrical transport studies and spectroscopic investigations were envi-
sioned as a major tool to monitor the changes brought about by the functional
groups attached to the GNRs.

GNRs were fabricated with the aid of V505 nanofibers or CdSe nanowires as an
etching mask during the plasma etching of graphene. The resulting GNRs exhib-
ited good electrical conductivity for ribbon widths as small as 10 nm. Moreover,
the transport gap in the GNRs was found to scale inversely with the ribbon width.
Scanning tunneling microscopy and surface enhanced Raman spectroscopy testified

a good structural quality of the GNRs.

Electrical characterization of GNRs revealed a pronounced hysteresis, which was
exploited for the fabrication of electrically switchable GNR memory cells. Dynamic
pulse response measurements demonstrated reliable switching between two conduc-
tivity states for clock frequencies of up to 1 kHz and pulse durations as short as
500 ns for >107 cycles. As the most likely switching mechanism, charge trapping

within a water layer in the GNR surrounding could be identified.

Furthermore, the optoelectronic properties of individual GNRs were studied by
scanning photocurrent microscopy. The pronounced photocurrent signal close to the
nanoribbon/metal contacts was found to be directly proportional to the conductance
of the devices, suggesting that a local voltage source is generated at the nanorib-
bon/metal interface by the photo-thermoelectric Seebeck effect. The dominance of

this mechanism over charge separation via built-in electrical fields was attributed to



strong local heating of the GNRs by the laser spot, combined with the reduced ther-
mal conduction capability of the nanoribbons in comparison to extended graphene

sheets.

Chemical functionalization of graphene and GNRs was attempted via different gas-
and liquid-phase approaches. While electrical transport and Raman measurements
revealed the presence of significant doping effects, it was not possible to unequiv-
ocally prove the covalent attachment of atoms at the GNR edges, neither through

changes in the charge transport characteristics, nor via scanning microscopy studies.

Keywords : graphene, graphene nanoribbons, nanoscale, field effect transistors,

optoelectronics, metal contacts, data storage, functionalization
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Zusammenfassung

Graphen, eine atomar diinne Kohlenstoffschicht, zeichnet sich durch exzellente
elektronische Eigenschaften aus. Jedoch besitzt es keine Bandliicke, weshalb Graphen-
basierte Feldeffekttransisitoren nicht in den Aus-Zustand gebracht werden kénnen.
Ein Ansatz um das An/Aus-Verhéltnis zu erhéhen ist die Strukturierung von Gra-
phen in schmale Streifen, sogenannte Graphen-Nanostreifen (GNS). Die vorliegende
Arbeit zielte darauf ab, neue Herstellungs- und chemische Funktionalisierungsme-
thoden fiir GNS zu entwickeln. Hierfiir wurden elektrische Transportmessungen und
spektroskopische Untersuchungen durchgefiihrt, mit dem Ziel Anderungen aufgrund

der Anbindung funktionaler Gruppen an die GNS zu beobachten.

GNS wurden durch Plasmaétzen aus Graphen mit Hilfe von V505 Nanofibern
oder CdSe Nanodriihten als Atzmaske gewonnen. Die resultierenden GNS zeigten
eine gute elektrische Leitfahigkeit fiir Breiten hinab zu 10 Nanometern. Dariiber
hinaus wurde gefunden, dass die Transportbandliicke in den GNS reziprok mit der
Nanostreifen-Breite skaliert. Mit Hilfe von Rastertunnelmikroskopie sowie oberfla-
chenverstiarkter Raman-Spektroskopie liel sich eine hohe strukturelle Qualitat der

GNS nachweisen.

Die elektrische Charakterisierung von GNS zeigte eine ausgepriagte Hysterese, wel-
che fiir die Herstellung von elektrisch schaltbaren GNS Speicherelemten genutzt
wurde. Messungen unter Anlegen von definierten Spannungspulsen ergaben zuver-
lassiges Schalten zwischen zwei Leitfahigkeitszustanden fiir Taktfrequenzen von bis
zu 1 kHz und Pulsdauern von nur 500 Nanosekunden iiber mehr als >10" Zyklen.
Als Ursache fiir die Hysterese wurde das Einfangen von Ladungstrigern in einer

diinnen Wasserschicht in der Umgebung der GNS ausgemacht.

Weiterhin wurden die optoelektronischen Eigenschaften einzelner GNS mit Hilfe

ortsaufgeloster Photostrom-Messungen untersucht. Ein deutliches Photostromsignal



wurde nahe den Metallkontakten beobachtet, welches sich proportional zur Leitfa-
higkeit der Proben verhielt. Dies wurde auf eine lokal durch den photo-thermoelek-
trischen Seebeck Effekt erzeugte Spannungsquelle zuriickgefiithrt. Die Dominanz die-
ses Mechanismus gegeniiber dem photoelektrischen Effekt (Trennung von Elektron-
Loch-Paaren durch interne elektrische Felder) wurde durch eine starke lokale Er-
warmung erklart, die durch den Laserstrahl in Kombination mit einer reduzierten
thermischen Leitfdhigkeit der GNS im Vergleich zu ausgedehntem Graphen verur-

sacht wird.

Schlielich wurden unterschiedliche Gas- und Fliissigphasen-basierte Methoden
eingesetzt, um eine chemische Funktionalisierung von Graphen und GNS zu er-
reichen. Mit Hilfe von elektrischen Transportmessungen und Ramanspektroskopie
konnte eine deutliche Dotierung nachgewiesen werden. Allerdings konnte weder an-
hand von Anderungen im Ladungstransportverhalten, noch mittels mikroskopischer
Untersuchungen ein eindeutiger Nachweis fiir die kovalente Anbindung von Atomen
an die GNS Kanten erbracht werden.

Schlagwérter : Graphen, Graphen-Nanostreifen, Nanoskala, Feldeffekttransistor,
Optoelektronik, Metallkontakt, Datenspeicherung, Funktionalisierung
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1. Introduction

The development of the transistor - the fundamental building block of modern elec-
tronic circuits - in the late 1940’s, complemented by Richard Feynman’s inspiring
concept of "nanotechnology” put forward several years later, triggered a scientific and
technological revolution (see figure for the first transistor).[I), 2] This advance-
ment was strongly promoted by the invention and further development of scientific
instruments, in particular the transmission electron microscope, the scanning tun-
neling microscope, and the laser.[3] [4] Additional impetus came from newly devised
approaches to high purity materials, as well as the transition in semiconductor tech-
nology from germanium to silicon already in the 1960’s, followed by an increasing
miniaturization of the circuits.[5] In the 1970’s, gallium arsenide then moved into the
center of interest, with respect to both, technological development and fundamental
research. The subsequent improvements in vacuum physics and the development of
molecular beam epitaxy provided access to high quality two-dimensional electron
gas systems embedded in three-dimensional semiconductor heterostructures. |6, [7]

Figure 1.1.: The first transistor from Bell Labs.[§]
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More recently, graphene representing a one-atom thick layer of carbon atoms ar-
ranged in a honeycomb lattice has attracted enormous attention from both the exper-
imental and theoretical scientific communities.[9] Even though monolayer graphene
had been isolated before, [10] it took until the year 2004 to obtain individual graphene
sheets suitable for device fabrication. On this basis, the first field-effect transistor
(FET) comprised of a truly two-dimensional material could be demonstrated for
the first time.[I1] Previously, two-dimensional crystals were often presumed not to
exist in the free state, because thermal fluctuations should induce melting of the
crystal.[12, [13], [14] [15] It is currently believed that graphene is stable because it is
not perfectly flat, but exhibits microscopic corrugations on the scale of 1 nm.[16]

Several features render graphene’s electronic properties unique. Most promi-
nently, carriers in graphene are described by a Dirac-like equation rather than the
Schrédinger equation, opening the possibility to explore relativistic quantum phe-
nomena in a bench top experiment.[I7, [I8] Moreover, graphene exhibits Klein tun-
neling, i.e., the transmission of the Dirac fermions encountering a potential step at
normal incidence is 100 %, independent of height and width of the barrier.[19, 20]
However, experimentally exploiting the full spectrum of graphene’s outstanding elec-
tronic properties requires specific strategies such as combining it with other two-
dimensional crystals (see figure [1.2h).[21], 22 23] For instance, graphene deposited
on a boron nitride sheet has been reported to reach significantly enhanced carrier
mobilities compared to graphene on Si/SiOq substrates.[24]
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Figure 1.2.: (a) Example of a heterostructure composed of different two-dimensional
crystals. Adapted from reference [23]. (b) Increase of on/off ratio in a
network of single-walled carbon nanotubes. After functionalization of
the metallic nanotubes, only semiconducting nanotubes contribute to
the charge transport. Adapted from reference [25].



With respect to technological applications, graphene’s tunable electrical ambipo-
lar behavior, near-ballistic transport at room temperature, as well as high mobil-
ity render it into a promising, novel component of devices like nanometer-scale
FETs.[26, 27, 28, 29] Prototypes like electronic analog or optoelectronic devices
have already been demonstrated from graphene.[30, 31, 32] 33 B34, 35, B36] Ulti-
mately, progress in this direction may help to overcome the limits of silicon-based
technology expected at the sub-10 nm scale.[37] Owing to its high optical trans-
parency and mechanical stability, graphene is also attractive for application in flex-
ible electronics.[38], 39] Furthermore, due to its high surface area and good biocom-
patibility, graphene represents a close-to-ideal component of (bio)sensors. [40, [41] For
technological applications monolayers obtained via the so-called scotch tape method
are too small in size.[T1] Hence, production methods yielding large graphene sheets
with good quality (low defect density) are currently developed, e.g. the reduction of
graphene oxide, the epitaxial growth on silicon carbide, or chemical vapor deposition
on metal substrates.[42] [43] [44]

The absence of a band gap in graphene prevents the possibility to turn off graphene
FETSs, which strongly limits their use in digital electronic circuits. Several ways exist
for the introduction of a band gap in graphene. The attachment of atomic hydrogen
to each carbon atom of the graphene lattice creates graphane. This functionalization
is accompanied by a change of the hybridization of carbon atoms from sp? into sp?,
thus removing the conducting 7 band and opening an energy gap.[45] However, it
is difficult to realize an ordered hydrogen pattern. In case of bilayer graphene, the
combined action of a top and a bottom gate allows not only to control the carrier
density, but also to apply a vertical electric field, which breaks the inversion symme-
try of the two layers and thus leads to the opening of a tunable band gap between
valence and conduction bands.[46] Unfortunately, a quite large voltage in the range
of 100 V is required to obtain a reasonable band gap of approximately 250 meV.[47]
In addition, the necessity of the top gate complicates the device fabrication and
limits the application perspective of such a device.

Another strategy to increase the on/off ratio consists of patterning graphene into
narrow stripes, so-called graphene nanoribbons (GNRs), where carrier confinement
and egde effects introduce a band gap. GNRs are of particular interest as device
components, as the geometry and chemical termination of their edges may enable
control over their electronic, charge transport and magnetic properties, which may
be exploited to improve the performance of corresponding devices. [48, [49] 50}, [51] The
impact of the edges is predicted to sensitively depend on their precise atomic struc-
ture, the presence of warping or scrolling-like relaxations, as well as the chemical
nature of the end groups.[52} [53] [54] Numerous theory studies predict that chemical
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edge functionalization is able to tune the band structure of GNRs from metal to in-
sulator by changing the C-C bond lengths and bond angles near the GNR edges, [55]
to render them less sensitive to edge irregularities because of the conversion of edge-
localized HOMO and LUMO states to delocalized extended states, [56] or to enhance
the local spin alignment.[57, 58] The latter property may be exploited to achieve
spin-polarized metallic edge currents along zigzag edges at low temperatures, which
could open novel spintronic applications.[I8, 59] In general, graphene is highly suit-
able for spintronics due to its small spin-orbit interaction and the small influence of
nuclear magnetic moments in carbon.[60] However, up to now reliable methods to
attach specific functional groups to the edges of graphene are still lacking. In fact,
thus far developed chemical functionalization methods for graphene mainly involve
the non-covalent adsorption of electron donor or acceptor molecules, or the covalent
surface functionalization with reactive species like radicals, similar to the covalent
functionalization of carbon nanotubes (CNTSs).[61] 62} [63] The attached moieties are
distributed over the entire carbon nanostructure surface, where they act as scattering
centers that substantially reduce the carrier mobility.[64] Conceptually, the spatial
separation of functional groups at the edges from the GNR center is advantageous,
since in this manner the carrier mobility could be largely preserved, similar to trans-
fer doping in two-dimensional electron gas heterostructures. The available chemical
functionalization methods for CNTs, which have for instance provided access to all-
semiconducting nanotubes suitable as transistor channels (see figure [1.2b), witness
the strong potential of chemical tailoring of the properties of carbon nanostructures.

The present thesis endeavored to develop novel methods for fabricating and chem-
ically functionalizing GNRs. As a major difference compared to previous fabrication
schemes, two novel one-dimensional etching masks were utilized. In the pioneering
experiments in 2007, e-beam patterning and subsequent isotropic oxygen plasma
etching of mechanically exfoliated graphene were used to create the first GNRs
with a width above 20 nm and an edge roughness of several nanometers, which re-
sulted in an inactive region not participating in charge transport.[65] [66] The novel
one-dimensional etching masks should yield narrower GNRs with smoother edges,
leading to less edge disorder and hence less influence of localized defect edge states.
Additionally, these masks promised the advantages of (i) a rectangular instead of
circular cross-section, which should help to reduce the undercut during plasma etch-
ing (in case of Vo005 nanofibers), and (ii) an easy and smooth removal after the
etching step (in case of both, V205 nanofibers and CdSe nanowires). Another goal
was to perform chemical edge functionalization in a more controlled manner from
the gas phase instead of using quite reactive agents in solution, an approach that has
been pursued in most previous works in this field. By leaving the one-dimensional
etching masks on top of the obtained GNRs as a protection for the bulk of the GNR



during the gas phase-functionalization, it was intended to restrict the reaction to
the GNR edges. To this end, graphite edges (as a test system) and GNRs were
exposed to bromine vapor at higher temperatures, or plasma-generated hydrogen
atoms at room temperature. The saturation of GNR edges with bromine atoms
has been theoretically predicted to enhance their magnetic properties (magnetic
order, anistropy, crossover temperature, spin correlation length).[51] As an alter-
native approach to magnetic GNRs, devised to alleviate the restriction to zigzag
nanoribbons, the attachment of hydrogen atoms to the ribbon edges could lead to
spin-carrying groups.[67] Hydrogen termination of GNRs has been predicted to be
useful for spintronics applications. [68, 69, [70, [71] On this basis, successful covalent
edge modification should be proven by the detection of changes in the electrical and
spectroscopic properties of the ribbons. The major objective with regard to the elec-
tronic, charge transport and magnetic properties was to explore their dependence
on both, the ribbon structure (microscopic structure and geometry) as well as the
chemical nature of the edge groups, in order to identify possible nanoscale effects in
these carbon nanostructures.

This thesis is organized as follows:

Chapter [2| gives an overview of the basic concepts for graphene and GNRs, in
order to establish a basis for discussing the experimental results in the later chap-
ters. After introducing the different types of carbon nanostructures, emphasis is laid
on the electronic and vibrational properties of graphene and GNRs, followed by a
description of the optoelectronic properties of graphene.

Chapter (3| introduces the used experimental techniques, which allow sample
characterization on the nanoscale. After the motivation for the use of a particular
instrument, its working principle and limitations will be explained.

In chapter (4] the GNR fabrication with the aid of the two different etching masks
is presented in detail. This is complemented by the structural characterization of
the ribbons with the aid of scanning force microscopy and electron spectroscopy,
respectively.

Chapter [5| addresses the vibrational properties of individual, narrow GNRs, as
determined by surface-enhanced Raman spectroscopy (SERS). Subsequently, gate
voltage-dependent SERS measurements on silver nanoparticle-decorated graphene
are described, whose aim was to determine the mechanism of enhancement.
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Chapter [6] focuses on the electrical characterization of GNR memory devices
obtained using the V5,035 nanofiber etching mask, with emphasis on their dynamical
response and the origin of the hysteresis in the transfer curves of the devices.

Chapter [7| deals with the optoelectronic properties of GNRs prepared with CdSe
nanowires as etching mask. Here, the main emphasis is on the determination of the
mechanism underlying the photocurrent generation close to the metal contacts.

Following the structural, vibrational, and electrical characterization of GNRs in
the preceding chapters, the topic of chapter [§ is the edge functionalization of
graphene nanostructures. This involves the use of microscopic techniques to test the
possibility of gas phase edge functionalization by bromine.

In chapter [9] a different approach to prove the edge functionalization of GNRs is
described. It is based on low temperature transport measurements of GNRs which
due to their short length behave as quantum dots. The Coulomb charging charac-
teristic of these dots was analyzed with respect to the possible emergence of Kondo
features.

Finally, chapter provides a summary of the most relevant results, combined
with an outlook on possible future research directions.



2. Basics of graphene and graphene
nanoribbons

2.1. Sp?-hybridized carbon nanomaterials

Several carbon allotropes with sp?-hybridization exist. Graphene, a layer of car-
bon atoms arranged into a two-dimensional hexagonal lattice, is a single layer of
graphite (figure [2.1p).[I1] Fullerene molecules (e.g. Cg) are obtained by wrap-
ping graphene, combined with the introduction of pentagons into the hexagonal
lattice (figure 2.1p).[72] Carbon nanotubes (CNTs) represent rolled-up cylinders of
graphene (figure[2.1c). The chirality of single-walled CNTs determines whether they
are metallic or semiconducting.[73], [74], [75]

Figure 2.1.: (a) Graphene, a honeycomb lattice of carbon atoms. (b) Fullerenes
(e.g. Cgo) are molecules consisting of wrapped graphene. (c) Carbon
nanotubes are rolled-up cylinders of graphene. Adapted from reference

i)



Basics of graphene and graphene nanoribbons

The six electrons of a carbon atom in the ground state reside within/occupy the
orbitals 1s, 2s, 2p,, 2p, and 2p,. The configuration in the ground state is 1s*2s?2p.
The sp?-hybridization of the double occupied 2s orbital and two 2p orbitals (e.g. ps
and p,) leads to a trigonal planar structure, with an in-plane ¢ bond between two
neighboring carbon atoms that are separated by 1.42 A.[18] The hexagonal graphene
lattice can be seen as a triangular lattice with a basis of two atoms per unit cell
(highlighted by blue and red color in figure ) Additionally, the singly occupied
p. orbital of a carbon atom, which is perpendicular to the planar structure, binds
with the p, orbitals of neighboring carbon atoms, leading to the formation of a
delocalized 7 band, which is half filled.[18] This half filled band is the basis for the
semimetallic properties of graphene.
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Figure 2.2.: (a) Graphene’s triangular lattice with a basis of two atoms (red and
blue). a; and ay are the lattice vectors. (b) Zigzag (blue) and armchair
edges (red) of graphene.

Narrow stripes of graphene are called graphene nanoribbons (GNRs).[76, [77] Fig-
ure shows the two basic edge types, namely zigzag (blue) and armchair edges
(red). However, GNRs can have a random chirality. Additionally, the edges can be
rough, i.e., they comprise a mixture of zigzag and armchair type segments. There are
several possibilities for the edge termination, like the presence of functional groups.

2.2. Electronic properties

The hexagonal lattice in real space transforms into a hexagonal lattice in reciprocal
space. The energy band structure of graphene can be obtained by tight-binding
calculations (see figure 2.3h): [18), 78]

Ei(k) = £t/3F (k) — ¢'f(k), with

f(k) = 2cos (V3kya) + 4 cos (@kw) cos (2k,a),



where a is the graphene lattice spacing of 2.46 A, ¢ (~2.8 eV) the nearest-neighbor
hopping energy, and ¢’ the next nearest-neighbor hopping energy (<0.1 eV). Close to
the K and K’ points in the Brillouin zone, the band structure can be approximated
by E(q) = +h-vr- |q|, with v ~ 10° m/s and k = K + q.[78] Hence, graphene
is a semimetal with an unusual linear dispersion relation. Since for low energies,
electrons in graphene can be described as massless Dirac fermions, the cones at the
K and K’ points are called Dirac cones. For undoped graphene, the Fermi level is
located at the intersection of the cones. This charge neutrality point is also called
the Dirac point. The Fermi level in graphene can be shifted by an electric field via a
gate electrode into the hole (negative voltage range in figure ) or electron regime
(positive voltage range), depending on the polarity of the applied field. The change
in carrier concentration n results in an ambipolar change in conductivity o =e-n- u
and hence in resistance (e is the elementary charge and g the mobility).[11] The
peculiarity of two inequivalent sublattices (K and K’ points) in combination with
the two possible spin states of an electron (up, down) leads to a forfould degeneracy,
which manifests itself in an unconventional quantum Hall effect.[79, [R0]

21 <«E; -
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I <«E, ;
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Figure 2.3.: (a) The electronic dispersion of the m bands in the Brillouin zone of
graphene. For low energies, the dispersion relation of electrons (holes)
is linear, and can be described by cones around the K and K’ points.
(b) Two probe resistance R in dependence of the gate-source voltage
Vs applied to a graphene sheet under ambient conditions. Inset: Dirac
cone for different Fermi level positions. Blue: occupied states, red:
unoccupied states.



Basics of graphene and graphene nanoribbons

Due to the absence of a band gap in graphene and the formation of electron-hole
puddles, graphene-based field effect transistors (FETS) cannot be turned off (see fi-
nite resistance at Vg = 0V in figure[2.3p), thus limiting their use in electronics. [81]
One strategy to increase the on/off ratio relies upon patterning graphene into GNRs.
The on/off ratio is usually determined by dividing the electrical resistance at the
Dirac point by the resistance determined well within the n- or p-type regime (e.g.
at |[Vgs| =30 V).

Theoretical studies based on tight-binding approximations predict, that GNRs
are metallic or semiconducting depending on the crystallographic direction of the
ribbon axis and the width, similar to CNTs.[70, [77] For the semiconducting GNRs,
the band gap decreases with increasing ribbon width, approaching zero in the limit
of very wide GNRs.[77] The main difference between CNTs and GNRs is the exis-
tence of edges in GNRs and a relaxation of the carbon-carbon bond length from the
center of the GNR toward the GNR edge region.

Density functional theory calculations have shown, that both types of edges have
energy band gaps with Eg,, = Wic (o ranges between 0.2-1.5 eVnm, Wy is the GNR
width).[48], 82] The determining factors in the semiconducting behavior of armchair
GNRs are quantum confinement and edge effects (change in bond length at the
edges). Additionally, in case of zigzag GNRs the gap is influenced by antiferromag-
netic interaction between magnetic edge states on the opposite edges, where the
edge atoms are located on different sublatices.|[82]

The pioneering experimental transport measurements on GNRs have revealed
semiconducting behavior, [65], [66] independent of their crystallographic orientation.
Additionally, the above models were not able to explain the observations of Coulomb
diamonds (CDs) in etched GNRs, as well as the on/off ratios in wider GNRs
(>20 nm), which are much higher than theoretically predicted.[83]84] This has led to
the inclusion of localized states that dominate the charge transport due to bulk and
edge disorder in the theoretical models. A model based on Coulomb blockade in dis-
ordered systems can explain the observed transport through GNRs. Distinction has
been made between the so-called "transport gap” (suppressed conductance in a lim-
ited gate-source voltage range) and the "drain-source gap” (suppressed conductance
in a limited drain-source voltage range). The drain-source gap can be interpreted as
the renormalized charging energy of stroungly coupled quantum dots (QDs), and ex-
pressed as Eyq, (We) = Wice*BWG (a =2 eV nm, 8 = 0.026 nm™).[85, 86] QDs can
be formed along the GNR in the presence of a quantum confinement gap, combined
with a strong bulk and/or edge-disorder potential (see figure 2.4), leading to the
drain-source gap.[83], 84] The quantum confinement gap ensures that real tunneling

10



takes place instead of Klein tunneling (transmission probability of 1).[19] 20] There
are several QDs in parallel and/or in series in a long GNR, which causes the CDs
to overlap. A short GNR device, by comparison, is likely to consist of only a few
QDs or even a single QD, which leads to the observation of well-separated CDs (see
chapter |§[) The transport gap emerges as a result of the suppressed conductance in
a limited gate-source voltage range, in which QDs are formed, whereas outside of
this range (e.g., purple Fermi level in figure ) charge transport is not suppressed
anymore. Generally, both the drain-source gap and the transport gap are larger for
narrower GNRs, which results in an increased on/off ratio for narrower GNRs (see
in chapters m and E[)

(a) AEnergy

t Confinement gap

>

Position

(b) Graphene Graphene

f

SScsseseess Real tunneling SEEFERBD

Klein tunneling

Figure 2.4.: (a) Energy landscape along a GNR when the Fermi level (green) is close
to the charge neutrality point, leading to the formation of QDs. The
black line corresponds to the Dirac point. In the GNR it splits into
the top of the valence band and the bottom of the conduction band.
(b) Geometric situation. Electron-hole puddles (blue and red regions),
originating from disorder, lead to Klein tunneling in graphene, while real
tunneling occurs in the GNR due to the confinement gap. Conductance
is not suppressed if the Fermi level lies outside of the transport gap
(purple lines in panel a). Adapted from references [84] 87].
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2.3. Raman spectroscopy

Raman spectroscopy has proven to be a powerful technique not only for probing
selected phonons in graphene, but also for identifying the number of layers, detecting
the density of defects, determining local doping levels, studying electron-phonon
coupling and thus the electronic properties themselves.[88] [89, 90, 9], 92]
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Figure 2.5.: (a) Raman spectrum of the edge of a graphene monolayer recorded with
A = 633 nm under ambient conditions. The D’ signal is below the noise
level. (b) Atomic displacements of the G and D mode.

The Raman spectrum of graphene is characterized by four major peaks, namely
the D, G, D’, and 2D peak (figure ) The G peak position (~1580 cm™!) is
independent of the excitation wavelength. It corresponds to the doubly degenerate
optical phonon of Es; symmetry (in-plane transverse optic plus longitudinal op-
tic mode) at the Brillouin zone center I' (see red circle in figure [2.6)).[88, 03] The
Es, phonon involves in-plane bond stretching of all pairs of carbon atoms (see fig-
ure ) The Raman G peak measurement is a three step process in graphene
(figure [2.7n): (i) photon absorption leads to the excitation of an electron/hole pair,
(ii) relaxation of the electron (or the hole) via emission of a G phonon, and (iii)
electron/hole recombination emits a red-shifted photon. As the electron is excited
to a real state (the conduction band) rather than a virtual state, one speaks of a
resonant Raman process.

The D peak (A;’ symmetry) is a ring-breathing mode (in-plane transverse optic
phonon, see figure ), which originates from the Brillouin zone border (K <
g < M). In order to be Raman active, a defect is required (e.g., the edges of
graphene) to reach a total momentum of approximately zero, as required for Raman
scattering.[93], [96] Reference [97] identified double resonance (DR), as the scattering
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Phonon wave vector q (2rn/a)

(a) Calculated phonon dispersion relation of graphene (a is the graphene

lattice spacing of 2.46 A). Adapted from references [94] and [95]. (b)
The reciprocal space unit cell showing the Brillouin zone with its high
symmetry points.

mechanism. DR Raman scattering is a four step process (figure ), comprising
(i) photon absorption, (ii) elastic defect scattering, (iii) inelastic electron-phonon
scattering, and (iv) electron/hole recombination plus photon emission. The DR
condition is reached when the energy is conserved in all these steps. Thus DR links
the phonon wave vector to the electronic band structure. Accordingly, the D peak
position varies with excitation energy (~1320 cm™! for 633 nm, ~1350 cm™~! for 488
nm). For higher excitation energies a larger momentum transfer is needed. Due to
the dispersion relation of the iTO phonon, a D phonon with larger momentum has
a higher energy (see red box in figure , resulting in a larger redshift for higher

excitation energies.

(a) G mode

e LO phonon ©

K
N\

(b)

h+

D mode (c) D’mode
Q defect Q e defect
iTO phonon LO phonon
K K’ E
h* ‘ k

Figure 2.7.: Raman scattering process for (a) the G peak (in-plane transverse op-
tic plus longitudinal optic mode). (b) One-phonon double resonance
process for the D peak (intervalley scattering) and (c) the D’ peak (in-
travalley scattering). Adapted from references [91], [94].
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The 2D line is the second order of the D peak, and involves two iTO phonons of
opposite momentum. Hence, it is always observed even in the absence of defects,
and its frequency is twice the one of the D peak (2640 to 2700 cm™! for 633 to 488
nm). The position and shape of the 2D peak, as well as the ratio of intensity be-
tween the G peak and 2D peak, are used to discriminate single- from multi-layered
graphene. A similar process to the one shown in figure is intravalley scattering,
as schematically depicted in figure 2.7c. Again, a defect activates scattering of lon-
gitudinal optic phonons with a small wavevector, resulting in the so-called D’ peak.
It occurs around 1620 cm™! in defective graphene.[98]

2.4. Surface enhanced Raman spectroscopy

In the present work, surface-enhanced Raman spectroscopy (SERS) is applied to
graphene and GNRs (see chapter [5]).[99] Metal substrates (Au, Ag, and Cu), either
with rough (nanostructured) surfaces or in the form of nanoparticles (NPs), are
used as typical SERS substrates, which can provide enhancement factors by up to
10*? for visible light. Two different SERS mechanisms, namely electromagnetic and
chemical, are widely accepted to contribute to the enhancement.[100, [101]

The electromagnetic mechanism is relevant on rough metal surfaces with feature
sizes smaller than the excitation wavelength. Incoming light can launch a surface
plasmon resonance (SPR) in these metal structures, which is a collective oscillation
of valence electrons against the positive nuclei in the metal (see figure [2.8h). The
resonance frequency, at which the SPR absorbs and scatters light most efficiently,
depends on the type of metal and the geometry of the nanostructure. The SPR re-
sults in a strong electromagnetic near-field. When the analyte is in close vicinity to
the metal structure, its Raman scattering is intensively enhanced. The total Raman
enhancement is the product of the enhancement factor for the incoming photons
f (wp) and the enhancement factor for the Raman scattered photons f (wy — wyp):
I ~ |f (wo)|” |f (wo — wein)|” ~ |E|*. The surface-enhanced Raman intensity ap-
proximately scales with the fourth power of the electromagnetic field. Even higher
enhancement factors can be achieved through interacting surface plasmons of differ-
ent metal nanostructures at so-called "hot spots”.

For chemical enhancement, the analyte has to bind to the metal, in order to enable
electron transfer from/to the metal, creating new electronic states in this charge
transfer (CT) complex. These new states are believed to be resonant intermediates
in the Raman scattering, which leads to a Raman enhancement (see figure [2.8b).
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Figure 2.8.: (a) The incoming light excites surface plasmons on a nanostructured
metal surface. A close-by molecule experiences more light and hence
Raman scattering, since it is in the enhanced near-field region. (b)
Scheme of the photoinduced metal-molecule charge transfer.

CT requires energy matching between the molecule’s energy levels, the metal Fermi
level and the photon energy.

2.5. Optoelectronic properties

Graphene posseses broad-band absorption in the visible range [102] Only 7o ~ 2.3 %

of the incoming light is absorbed, where a = 47:63050 = ﬁ is the fine-structure con-

stant. Two models, based upon built-in electric fields or the photo-thermoelectric
Seebeck effect, are discussed in the literature for the conversion of light to electric

energy in graphene.

In case of the built-in electric field mechanism, photon absorption leads to an exci-
tation of electrons from the valence to the conduction band. The electron and its hole
get separated in an internal electric field, thus producing an electric current.|[103]
The internal built-in electric field is formed near the metal electrode-graphene in-
terface (see figure [2.9).[104] Its magnitude depends on the difference in the work
functions of the metal electrode and the graphene channel, which is given by:

AV = (bMetal - (I)G - AEiF + sgn (VGS - VDir‘ac) : th VIO ’VGS - VDirac‘v

with ® /. the metal and @4 the graphene work function. A Er is due to electron
transfer and is responsible for the formation of an interface dipole layer. The last
term accounts for the effect of the gate-source voltage Vg on the Fermi level, and
hence on the work function in graphene (« is determined by the gate insulator).
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(a) (b)

"\ AV Si
q)Metal v q) G 7-1 @ T2
L__1AE S S

Metal

++++

Graphene

Figure 2.9.: (a) Schematic illustration of the energy level allignment associated with
the built-in electric field at the graphene-metal interface. (b) Two ma-
terials with different Seebeck coefficients meet at two points of different
temperature, resulting in the production of a voltage.

In the photo-thermoelectric Seebeck effect, photon energy is converted into heat
and then into an electric voltage. Generally, the Seebeck effect relies upon the exis-
tence of a temperature difference AT = T, — T} between two contacts between two
materials (A, B) with different Seebeck coefficients (Sa, Sg) (see figure [2.9b). This
produces a thermoelectric voltage V = fTTf (Sp — Sa) -dT', which can be simplified
to V = (Sp — Sa) - AT, if the Seebeck coefficients are largely independent of tem-
perature. For a degenerate electron system like graphene the Mott relation holds
and can be used for calculating the Seebeck coefficient:

™ 2k/’QBT‘ 1 do dVGS

S=-"3, o dVas dE

where kp is the Boltzmann constant and o the conductivity.[105] [106], 107]
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3. Experimental techniques

Nanoscale characterization tools have become increasingly important. In this chap-
ter the techniques used in this thesis are briefly introduced. Samples have been
studied by atomic force (AFM) and scanning tunneling microscopy (STM), scan-
ning electron (SEM) and transmission electron microscopy (TEM), confocal Raman
spectroscopy, as well as scanning photocurrent microscopy (SPCM).

3.1. Atomic force microscopy

AFM is a scanning probe microscopy technique which was used in the present the-
sis to image the topography of nanostructures with a resolution in the nanometer
range.[L08] The basic concept of AFM is that forces (e.g. attractive and repulsive
chemical forces, van der Waals forces, electrostatic forces) in the nN range act be-
tween a sample and a sharp tip. It allows imaging of both conductive and insulating
samples. The AFM used is a commercial ambient condition instrument (Digital
Instruments, Nanoscope I11a), equipped with highly doped silicon tips in order to
avoid charging effects (tip radius of curvature <10 nm). The instrument was used
exclusively in tapping mode, wherein the cantilever is driven by a piezo actuator
close to its resonance frequency (usually in the kHz range). The force between tip
and sample surface is measured by the change in oscillation amplitude of the can-
tilever, whose bending is detected by the combination of a laser beam focused onto
the cantilever backside and a position sensitive photodiode as shown in figure [3.Th.
While the sample is scanned beneath the tip, a feedback loop adjusts the cantilever
closer to / further away from the sample surface in order to keep the oscillation
amplitude constant. The recorded information of the adjusted height values gives a
topography image.

The lateral resolution depends on the tip size due to tip-sample convolution effects
(see figure ) Lateral dimensions of 3D objects are always overestimated. Typi-
cally, a lateral resolution in the range of 10-30 nm and a vertical resolution of below
0.1 nm are reached under ambient conditions. The AFM images were analyzed and
processed using the Nanoscope software and the WSxM software.[109)
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Figure 3.1.: (a) Schematic illustration of an AFM in the tapping mode. A sample
is raster-scanned beneath a tip, which is attached to a cantilever. A
feedback control regulates the height of the cantilever above the surface
so that the cantilever amplitude, influenced by the forces between the
tip and the surface, is kept constant. (b) Top: The original width
of a nanostructure can only be obtained with an ideal tip. Bottom:
Tip-sample interaction leads to an overestimation of the nanostructure

width.

3.2. Scanning tunneling microscopy

STM is another scanning probe microscopy technique, which allows real-space atomic
resolution imaging.[3] STM exploits the quantum tunnelling effect as illustrated in
figure[3.2b. An electric (tunnel) current (pA-nA range) flows between a sharp metal
tip and a sample, whose distance is below 1 nm, by applying a voltage V in the
mV to V range (see figure ) One last atom sticks out at the apex, which gives
the main contribution (~ 90 %) to the tunnel current. The tunnel current Ir can
be described by Iy ~ e ® % where d is the tip-sample distance (figure |3.2b) and
k a constant varying for different materials. The necessity of current flow limits
the use of STM to electrically conductive surfaces. The STM used in the present
thesis is a commercial instrument (Omicron VT), which can be cooled down to T
= 40 K, is operated under ultra-high vacuum (107! mbar), and is equipped with
electrochemically etched tungsten tips. It was used exclusively in constant current
mode. Since the tunnel current is a monotonic function of the tip-sample distance,
a feedback loop, which controls the distance between the tip and the sample surface
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while the tip is scanned above the sample, can be used to keep the measured current
constant. Again, the recorded information of the adjusted height values yields a
topography image. The STM images were analyzed and processed using the WSxM

software.[109)

(b) Potential barrier

(vacuum)
X+
\
Feedback U v U
electronics Tip +—d—! Sample

: |_§ L 51 : Tunneling ? Tip atoms
o T gcurrent EE%GE Surface atoms :

Sample

Figure 3.2.: (a) Schematic representation of a STM operated in the constant current
mode. A sharp metal tip is raster-scanned with the aid of a piezoelectric
tube above a sample. A feedback control regulates the height of the tip
above the sample surface in order to keep the tunnel current constant.
(b) Schematic representation of quantum tunnelling of an electron from
the tip through a potential barrier (vacuum) of length d to the sample.
The energy of the electron is the same, only the amplitude of the wave
function and hence the tunneling probability of the impinging electron
decreases exponentially with increasing barrier length.

3.3. Electron microscopy

SEM was used to characterize nanostructures, in particular to determine their width,
since the lateral dimensions of nanostructures are generally overestimated by AFM
due to tip-sample convolution effects.[I10] The working principle of a SEM involves
an electron source (thermal field emission) that generates an electron beam, which
is focussed and deflected (raster-scanned) by a system of electromagnetic lenses over
the sample surface, as schematically depicted in figure . Samples must be (par-
tially) electrically conductive in order to avoid charging effects. At the impact point
of the primary electron beam, secondary (SE) and backscattered electrons, X-rays
and light are generated. The SE, having an energy below 50 eV, are emerging di-
rectly from the topmost nanometers of the sample. On a tilted surface (e.g. at a
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kink or step edge) more electrons are emitted. The SE are collected by an in-lens
SE detector. The beam is scanned above the surface and the position dependent
intensity of SE is used for topographic imaging. The entire SEM chamber must be
under vacuum, since otherwise the electrons would be scattered by air molecules.
The GEMINI in-lens SE detector of the available commercial instrument (Zeiss Ul-
tra 55, chamber pressure in the 1075 mbar range) was used in the present study. A
working distance (the distance between the sample and the final lens) of 1.5-5 mm
and an electron acceleration voltage of 3-15 kV were adjusted, yielding a maximum
resolution of ~1 nm. SEM was performed after all other characterization techniques,
because of the irreversible impact of the electron beam on the imaged sample.

(a) SEM (b) TEM
Electron gun Electron gun

Primary electrons .
i Primary electrons _{_

Lens
Condenser

SE detector lens

- BE detector
Sample
EDX Objective
TV Scanner \ detector lens
X-rays

Aperture ——

Interaction _|
volume Position
Sample sensitive
detector

Figure 3.3.: (a) Schematic illustration of a SEM and the most often detected particles
generated by the primary electrons. The secondary electrons (SE) are
used for topographic imaging. (b) Schematic representation of a TEM,
which uses the information of electrons, that are transmitted through a
thin sample and focussed onto a position sensitive detector.

In order to reach atomic resolution of graphene a TEM was used.[3] If a sample
is thin enough, electrons can be transmitted through the sample (direct and scat-
tered). The increase in resolution of TEM compared to SEM has two origins. First a
higher electron energy corresponds to a shorter de Broglie wavelength, and secondly
the thin sample provides a smaller interaction volume. In a TEM, electrons from
an electron source are made into a parallel beam by a (electromagnetic) condenser
lens (figure ) This beam passes through the sample and is then focused by an
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objective lens onto a charge coupled device (CCD) with a scintillator material that
converts incident electrons to light, or directly onto an electron detector. Spherical
and chromatic aberration correctors increase the resolution. The image informa-
tion in high-resolution TEM relies on phase-contrast (one kind of operation mode
of TEM). In phase-contrast imaging, interference of the scattered electrons leads to
an image with atomic resolution. The used instrument was a high-resolution TEM
(FEI Titan 80-300) equipped with a Cs-corrector. It was operated at a pressure
below 10~7 mbar and an acceleration voltage of 80 kV in order to reduce the radi-
ation damage of the graphene nanostructure by electron bombardment. Under the
applied settings atoms appear dark.

3.4. Confocal Raman spectroscopy

A confocal Raman spectrometer was used to record Raman spectra of graphene
nanostructures, in order to identify the number of layers, to detect the density of
defects, and to determine the doping degree.[111] A confocal laser scanning mi-
croscope is an integral part of the confocal Raman spectrometer, and offers the
advantage of a higher spatial resolution compared to a normal microscope.[112] A
laser beam is focused through a pinhole to a diffraction-limited spot, as illustrated in
figure [3.4h. Away from the focal plane the spatial laser intensity is therefore lower.
The reflected signal is collected by the same objective and directed by a dichromatic
mirror to a detector via a second pinhole, which blocks all light that is not coming
from the focal plane. This two-fold light suppression allows for an increased contrast
in the image. Since only one spot of the sample is in focus at a time, it is neceas-
sary to scan the sample, in order to obtain a two-dimensional image of the specimen.

In a confocal Raman setup the light emitted from the focal spot is transmitted
to a spectrometer (see figure [3.4p). There, an appropriate notch filter is used to
remove the much more intense Rayleigh line (unshifted laser line). The filtered light
is dispersed in a monochromator (grating) and then focussed onto a CCD, which is
cooled in order to decrease the dark current and hence to increase the sensitivity.
Each segment of the CCD acquires a different wavelength range of the red-shifted
light. A Raman spectrum is obtained by plotting the number of photons at a dis-
tinct energy (wavelength) as a function of energy.

The used confocal Raman setup is a commercial ambient condition instrument

(NT-MDT, NTEGRA Spectra). It is equipped with two lasers (488 nm and 633 nm
wavelength) and a 600 lines/mm monochromator grating, resulting in a wavenumber
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Figure 3.4.: (a) Principle of confocal microscopy. Only light emitted from the il-
luminated area in the focal plane is transmitted to the detector. (b)
Raman spectrometer combined with a confocal microscope, using a vis-
ible laser, a neutral density (ND) filter to adjust the laser power, a notch
filter to remove unshifted light, a monochromator (grating), and a CCD
detector.

resolution of 1.6 ecm™! for 633 nm and £3 em~! for 488 nm. The maximum laser
power is 7 mW at 488 nm and 2 mW at 633 nm, which can be decreased with the
aid of a neutral density filter. The laser spot size corresponds approximately to the
used laser wavelength. Raman spectra were aquired using circularly polarized light.

3.5. Scanning photocurrent microscopy

In SPCM, a sample is scanned through a laser spot, while the reflected light and
generated photocurrent are recorded simultaneously, resulting in a reflection image
and a photocurrent map, respectively. By overlapping both images, the photore-
sponse can be correlated to the structure of the investigated device. The working
principle of the photocurrent part is illustrated in figure [3.5] The used instrument
is a commercial ambient condition confocal microscope (Leica TCS SP2, 50x objec-
tive with NA 0.8) combined with electronic sources and meters, and a piezoelectric
scanner; the setup is controlled by a home built software. The applied laser with
A = 633 nm (spot size ~ wavelength) has a maximum power of 240 pW. The pho-
tocurrent images were analyzed and processed using the WSxM software. [109]
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Figure 3.5.: Schematic illustration of the photocurrent setup implemented by a con-
focal microscope.
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4. Graphene nanoribbon fabrication
and structural characterization

4.1. Nanofiber/nanowire etching masks

Several fabrication approaches for graphene nanoribbons (GNRs) have been de-
veloped. One example is the bottom-up production of atomically precise GNRs
of different topologies and widths, which uses surface-assisted coupling of molecu-
lar precursors.[113] However, due to their short length (<50 nm) charge transport
measurements on single GNRs of this type have not yet been reported. Top-down
approaches include the unzipping of multiwalled carbon nanotubes (CNTs).[114]
As a disadvantage, the width and the number of graphene layers of such GNRs is
undefined, and the yield of GNRs is quite low. Another top-down method is the
anisotropic etching of graphene in Hy atmosphere catalyzed by metal nanoparticles
(e.g., nickel or cobalt), which yields zigzag- and armchair-edged GNRs.[115, [116].
However, this method does not provide access to well-separated GNRs of controllable
width. A similar method is based on anisotropic etching of holes in graphene.[117]
The etching starts from unintentional defects or prepatterned holes, and gradually
transforms them into hexagonal holes with zigzag edges, which can be narrowed
until two edges are very close to each other, forming a GNR in between.

Up to now, the only established fabrication method that provides electrically con-
ductive GNRs, which are spatially separated and long enough to be contacted, is
the patterning of exfoliated graphene into GNRs. To this end, electron-beam litog-
raphy (EBL) and subsequent oxygen plasma etching has been used.[65] [66], 83 [84]
The advantages of this approach are the knowledge of the number of layers, and
the possibility of controlling the GNR width. However, EBL limits the width to
>20 nm, and yields an edge roughness of several nanometer resulting in an inactive
region not participating in charge transport. Additionally, the often used hydrogen-
silsesquioxane resist introduces additional scattering and doping, and cannot be eas-
ily removed.[118] Poly(methyl methacrylate) is advantageous in the latter respect,
but does not allow such small device dimensions. In this thesis, the "patterning”
approach was adapted by the use of V505 nanofibers (NFs) and CdSe nanowires
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(NWs) as etching mask.[119, 120}, 121] The smooth NFs/NWs with a regular cross-
section allowed reaching a smaller GNR width. Because of their succesful use in
the fabrication of metallic nanowires in the past,[I19] first transport experiments
were performed with V,05 NFs as etching mask (see chapter @ Due to the low
electrical conductivity of the as-produced GNRs, CdSe NWs were utilized in the
later stage as alternative etching mask. In the following, the characterization of the
two etching masks and the details concerning the specific GNR fabrication method
will be presented.

4.2. V,0; nanofiber mask

(b)
IBE

(a)

V,0, NF
Graphene

l HCl

Figure 4.1.: Flowchart of the GNR device fabrication using VoO5; NFs. (a) Me-
chanical exfoliation of graphene onto a Si/SiO, substrate with metal
markers, followed by deposition of VoO5 NFs and definition of metal
contacts. (b) The NFs serve as an etching mask during subsequent Ar
IBE. (¢) Removal of V,05 NFs by dilute HCI solution. (d) AFM to-
pography image of a GNR device before Ar IBE corresponding to stage
(a). The graphene sheet is highlighted by the white dashed line.

The GNR fabrication starts with the mechanical exfoliation of graphene monolay-
ers from highly oriented pyrolytic graphite (HOPG) (Momentive Performance Mate-
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rials, grade ZYA) onto highly doped Si substrates coated with a 300 nm thick ther-
mally grown SiO, layer as gate dielectric by the scotch tape method.[I1] Graphene
monolayers were located by optical microscopy before the NF deposition, to simplify
the search, otherwise disturbed by all these NFs. Prior to NF deposition, the SiO,
surface was modified by (3-aminopropyl)-triethoxysilane to bind the NFs. Subse-
quently, VoO5; NF's obtained from a mixture of 0.2 g ammonium metavanadate and
2 g acidic ion exchange resin (DOWEX 50WX8-100) in 40 ml deionized water were
deposited.[122] Graphene monolayers covered by a few NFs were located by atomic
force microscopy (AFM). Subsequently, monolayers identified with the aid of con-
focal Raman spectroscopy were contacted by metal electrodes (see configuration in
figure and the AFM topography image in panel d).[88] To this end, optical im-
ages comprising metal markers with known position overlaid with the corresponding
AFM images were imported into the EBL software. The used metal combination
(1 nm Ti adhesion layer / 25 nm AuPd) ensured a smooth lif-toff during EBL. The
contacted samples were briefly (3 s) exposed to an Ar ion beam (IBE) (with an ac-
celerating voltage of 200 V, a beam current of 20 mA, and a pressure of 10~* mbar)
(see figure 4.1p). Finally,VoO5 NFs were removed by 10 % HCI for 10 min (see

figure [4.1k).
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Figure 4.2.: AFM scan of representative VoO5 NFs. (a) AFM topography image.
Height profile measurements were performed at the position of the blue
bars. (b) Top bar. The height of the fiber is 4 nm. (c) Bottom bar.
The fiber height is 7.4 nm.

V5,05 NFs were characterized both by tapping mode AFM and scanning elec-
tron microscopy (SEM). Figure shows a representative AFM topography image
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of VoO5; NFs. NFs with an average length of several ym and a height of 4-8 nm
were obtained after ageing of the solution for several weeks under ambient condi-
tions. AFM does not allow determining the width of the NFs, but yields only an
upper limit for the width due to the tip-sample interaction. The width of the V505
NFs was determined by high-resolution SEM to be 10-20 nm (figure . AFM
and SEM scans confirm that the V,05 NFs have a rectangular rather than circular
cross-section. [122]

Figure 4.3.: SEM micrographs of representative Vo035 nanofibers. The width of the
fibers are (a) 16 nm and 8 nm, (b) 12 nm, (c¢) 20 nm, and (d) 24 nm
and 16 nm. The dots stem from the wet chemistry process used to
synthesize/deposit the nanofibers, and they were not always observed

(compare to figure .

AFM topography images were acquired after each GNR fabrication step in order
to clarify whether there is any carbon left in the etched area which may contribute
to the electrical transport of the GNR. Figure [4.4] shows AFM images of the regions
of the GNRs before Ar IBE, after Ar IBE, and after removal of the V,05 NFs by
dilute HCI solution. Before and after IBE, there is not much difference in the step
height between graphene and V;O5 NFs because both of them are etched during
IBE. After removal of the VoO5 NFs, a height difference of ~1.2 nm is observed
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Figure 4.4.: High-resolution AFM scans of representative V,O5 NFs deposited on
monolayer graphene, and the GNRs obtained after each fabrication step.
(a) After deposition of V5,05 NFs. (b) After Ar IBE. (c¢) After removal
of V505 NFs. Dots visible in this image are not carbon but stem from
the HCI treatment (used to remove V5,05 NFs) as they are not observed
before the treatment. (d) Height profiles taken along the same lines
(marked by blue bars) after each fabrication step.

between GNRs and the surrounding area, which corresponds to the typical AFM
thickness of graphene monolayers deposited on top of SiO,. This indicates that ei-
ther there is no residual carbon left in the etched regions, or that if there is then
it cannot be detected by high-resolution AFM and hence is unlikely to contribute
to the electrical transport of the GNR devices. The faint contrast observed in some
AFM phase images of the etched samples, between regions of the substrate which
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were covered by graphene and those which were not, likely stems from the different
surface treatments/compositions of these regions. While the unprotected regions
are etched during the entire IBE process, graphene masks the underlying substrate
from IBE until it is etched itself (which in the present case happens close to the
end of etching). Correspondingly, a height difference (below 0.4 nm) between these
regions is always observed even if graphene is fully etched away. In addition, the
height profiles shown in figure [£.4d can be used to estimate the width of the GNRs.
The width of the corresponding GNR does not change notably after the IBE or HCI
treatment. On this basis, the width of the GNRs is estimated to be almost the
same as the width of V,05 NF's, namely 10-20 nm. Furthermore, the AFM scans
reveal that the straight shape of the VoO5 NFs is not completely transferred to the
GNRs, which may be due to an only partial protection of the graphene by the very
thin NF mask. This assumption is supported by the fact that the Ar IBE dose had
to be limited in order to keep the GNR on-resistance sufficiently low (see section[6.5).
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Figure 4.5.: Raman spectra acquired with A = 488 nm from a graphene mono-
layer before etching (black), etched graphene monolayer (red), and the
Si/SiO, substrate (blue). The peak in the region of ~1000 cm™! origi-
nates from the Si substrate, and was used to normalize all three spectra.

Raman spectroscopy was also performed to characterize the graphene before and
after IBE. For this purpose, a confocal Raman setup with a wavelength of 488
nm, a power of up to 2 mW, and a spot size corresponding approximately to the
laser wavelength was used. Figure [4.5] shows Raman spectra recorded at a position
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between source and drain electrodes of the device shown in figure [4.1d, before and
after IBE. The position of the 2D peak at ~2700 cm™! and the ratio of the 2D
peak height compared to the G peak height (at ~1584-1587 cm™!) identify the
sheet as a monolayer.[8§] After etching, the graphene G peak and the 2D peak
have almost completely vanished. The weak signal most probably stems from the
protected graphene regions beneath the metal contacts. The D peak at ~1350 cm ™!,
whose intensity is related to disorder in graphitic materials,[93] was not observed. In
case of graphene the intensity of the D peak has been documented to increase with
increasing disorder, while the G and 2D peak are still present. When the disorder
increases further, the D peak starts to disappear again.[91] Hence, if there were any
carbon left after IBE of the graphene monolayers, the size of sp?-bonded carbon
islands would be less than 2 nm.[91]

4.3. CdSe nanowire mask

As described above using V,05 NFs combined with ion etching for the fabrication
of electrically conductive GNRs is feasible. However, the shape of the V,O5 NF's on
the graphene monolayers is not completely transferred to the GNRs, and the V505
NFs are partially transparent for the Ar ions. Therefore, the fabrication method
was modified by utilizing CdSe NWs as the etching mask in combination with reac-
tive ion etching (RIE). CdSe NWs are thicker than the VoO5 NFs. The additional
component of chemical oxygen etching in the RIE process helped to improve the
graphene etching, allowing to keep duration and power of the etching process low.
The electrical measurements in chapter [7] testify good transport properties of the
GNRs obtained in this manner.

The first step of the GNR fabrication involves mechanical exfoliation of graphene
on a Si/SiO, substrate, followed by the deposition of CdSe NWs (figure [4.7h). CdSe
NWs were grown by the solution-liquid-solid method.[123] The CdSe NWs are sev-
eral ym long, and their diameter (height) ranges between 10 and 35 nm (see AFM
scans of representative CdSe NWs and corresponding height profiles in figure . A
dispersion of CdSe NWs in chloroform was prepared by removing excess trioctylphos-
phine oxide (TOPO) via centrifugation (Eppendorf 5417C) for 10 min at 10,000 rpm
and subsequent re-dispersion in the pure solvent, which was two times repeated. The
resulting CdSe NW dispersion was drop-casted onto the graphene-coated Si/SiO,
substrates placed on a hotplate at 50 °C. Afterwards, the substrates were rinsed with
chloroform for 15 s in order to remove excess CdSe NWs and remaining TOPO. Sub-
sequently, they were heated under argon atmosphere to 120 °C for 10 min, with the
aim of improving the adhesion between the CdSe NWs and graphene. The location
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Figure 4.6.: (a), (b) AFM topography images of CdSe NWs partially covering
graphene. NW heights were measured at the position of the blue bars.
(¢) The NW in (a) is 12.5 nm high. (d) Top bar in (b). The NW height
is 20 nm. (e) Bottom bar in (b). The height of the NW is 33 nm.

and height of individual CdSe NWs was determined by AFM, while the presence of
graphene monolayers was confirmed by confocal Raman microscopy. Subsequently,
RIE (Leybold LE 301) was performed to etch away a few layers of graphene around
individual NWs (figure [1.7p) (5 s, 100 sccm Ar, 11 scem O, 0.05 mbar, 48 W).
The CdSe NWs were then dissolved by dipping the substrates into a mixture of
20 ml of 30 % HCI + 1 ml of 69 % HNOj3 (aqua regia) for 3 s at room temperature,
followed by rinsing with deionized (DI) water, dipping into an aqueous solution of
sodium sulfide (1.2 g NayS + 2.5 ml HyO) for 30 s at room temperature, and final
rinsing with DI water.[124] This procedure was repeated two more times, followed
by rinsing with isopropanol and blowing dry under a stream of argon. The metal
markers have a layer of SiO, on top, protecting them from being etched by aqua
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regia. Metal contacts were then defined by EBL and thermal evaporation of either
20 nm Ti + 20 nm Au or 2 nm Cr + 40 nm Pd (figure [4.7¢). The exemplary AFM
image in figure [4.7d testifies a regular structure and clean surface of the resulting
GNRs. In contrast to the GNR fabrication method involving V5,05 NFs, there is no
extended graphene beneath the contacts, but instead a direct transition from the
metal contacts to the GNR.

(a) (b)

CdSe NW
Graphene

RIE
—>

Si

Aqua regia
+ EBL

Figure 4.7.: Flowchart of the GNR device fabrication using CdSe NWs as etching
mask. (a) Mechanical exfoliation of graphene onto a Si/SiOy substrate
with markers, followed by deposition of CdSe NWs. (b) The NWs serve
as etching mask during subsequent RIE. (c¢) After wet etching of the
wires, the ribbons are provided with metal contacts. (d) AFM image
of a 22 nm wide, contacted GNR. The distance between the contacts is
1.5 pm.

A scanning tunneling microcsocope (STM) operated at room temperature under
ultra-high vacuum (107! mbar) was used to investigate the structural integrity of
the GNRs after RIE. To this end, CdSe NWs were deposited on freshly cleaved
HOPG. After RIE, the CdSe NWs were removed by dipping for 2 min in a mixture
of 300 mg Bry and 20 ml methanol. Figure[4.8p shows two regions, where CdSe NWs
were located. In these regions, the surface is very smooth, whereas the unprotected
graphite surface is rough as a result of the RIE. The wide GNR (80 nm) is most
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probably due to bundled CdSe NWs. The zoom in figure [4.8b and c reveals atomic
resolution of a GNR (figure [4.8d). The Fourier transformation of the imagine in
figure [1.8d, shown in figure [4.8, displays the hexagonal lattice of graphite. In con-
clusion, the STM measurements testify the ability of the used CdSe NWs, to protect
graphene during RIE.

Figure 4.8.: STM images of GNRs created on HOPG recorded at room temperature
under ultra-high vacuum (107'° mbar). (a) Overview scan at one posi-
tion. (b) Overview scan at a different position. (c¢) 4+ (d) Zoom in at
position (b). (e) Fourier transform of (d). (f) Fourier filtered image of
(d). [Images taken by G. Rinke and S. Rauschenbach]

Figure shows SEM images of 3 different, electrically contacted GNRs. The
measured widths are 37 nm, 25 nm, and 20 nm, respectively. In an earlier fabri-
cation step, the diameter (height) of the corresponding CdSe NWs was measured
by AFM, which yielded height values of 37 nm, 26 nm, and 19 nm, respectively.
This close agreement demonstrates that the width of a GNR is determined by the
diameter of the corresponding CdSe NW. Measuring the width of a CdSe NW or a
GNR device by AFM provides a significantly too large value due to the convolution
of the imaged feature and AFM tip. Hence, we take either the SEM measured width
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or, if not applicable, the AFM height of the corresponding CdSe NW etching mask
as the GNR width.

"

Figure 4.9.: SEM images of three representative GNRs, with a respective width of
37 nm (a), 25 nm (b), and 20 nm (c). [Images taken by P. Gehring]
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5. Surface enhanced Raman
spectroscopy of graphene
nanoribbons

5.1. Graphene nanoribbons

Although the vibrational properties of graphene nanoribbons (GNRs) have been
studied in detail by theory,[125] [126], 127] only few experimental studies on individ-
ual, narrow GNRs have been reported.|[128] [129] Due to their small width, no Raman
signal could be detected from the present GNRs. In references [113, 130, [131] this
problem was overcome with the aid of arrays of closely spaced GNRs with equal
width. Since the CdSe NWs are positioned randomly on the graphene monolay-
ers, a different strategy had to be found. To enhance the Raman signal of single
GNRs by the SERS effect (surface enhanced Raman spectroscopy), colloidal gold
nanoparticles (Au NPs) were deposited on top of them. For carbon nanotubes it
has been demonstrated that Au NPs can impart a sizable Raman enhancement.[132]

Toward assignment of the Raman signal to an individual GNR, the density of
CdSe NWs was kept low during the fabrication process, resulting in spatially well-
separated GNRs (see atomic force microscopy image in figure ) After removal
of CdSe, the SiO, surface was modified by (3-aminopropyl)-triethoxysilane to attach
Au NPs (10 gl in 10 ml HyO for 10 s + rinsing). Au NPs (20 nm diameter, Sigma-
Aldrich) were deposited by immersing the substrate in a solution of Au NPs and
HyO for 1 h (1:5 in HyO + rinsing). Subsequent atomic force microscope (AFM)
measurements revealed a sizeable density of Au NPs in the vicinity of the GNRs

(see figure 5.1p).

Raman spectra were aquired using circularly polarized light from a red laser
(633 nm) or blue laser (488 nm, spotsize ~ wavelength, <7 mW) under ambient
conditions. In the following, only results gained with 488 nm wavelength will be
presented due to the better signal intensity. The backscattered light is dispersed in
a monochromator (600 lines/mm grating, resolution +3 cm~! for 488 nm) and de-
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Figure 5.1.: (a) AFM image of CdSe NWs (partially bundled) on a graphene mono-
layer (highlighted by white dashed line). At the bottom right a multi-
layer is attached. (b) Same position after RIE, CdSe NW removal and
Au NP deposition. (¢) Raman map of the region in (a) showing the D
peak signal intensity after background substraction (488 nm, 250 nm
step size, 60 s accumulation time per spectrum, <7 mW).

tected with a charge coupled device. Owing to the low light reflection by the GNRs,
it is not possible to position the laser exactly on the GNR of interest. Therefore,
Raman maps of the region of interest were acquired by raster-scanning (lateral step
size of ~250 nm) the sample through the laser spot, while recording a Raman spec-
trum for each position. In the map shown in figure[5.Tk, the Raman D peak intensity
(maximum value in the range of 1330 to 1390 cm™!) after background substraction
(1390 to 1410 cm™1) is plotted.

Figure [5.2 shows the Raman spectrum of a ~21 nm wide and 2.7 pum long GNR.
It displays the characteristic signatures of graphene Raman spectra, namely, the
defect-induced D peak (135643 cm™1), the G peak (158943 cm™!), the 2D peak
(270143 cm™ 1), and the defect-induced D’ peak (1625-1628 cm™!). In contrast to
defect-free bulk graphene, which does not exhibit D and D’ peaks, we could observe
these peaks, since the edges act as defects by breaking the translational symmetry
of the lattice.[88] 03, 08, 133] In contrast to reference [I30], where a rather large
value of 50 cm™! for the full width at half maximum (FWHM) was found for the
2D peak due to averaging over several 30 nm wide GNRs, a value below 40 cm™! is
obtained for the present 21 nm wide individual GNR. The other peaks in figure

originate from the substrate.

Figure [5.3] shows the Raman spectrum of another, ~13 nm wide and 4 um long
GNR (marked by the box in figure [p.1p). Despite its smaller width, the D and 2D
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Figure 5.2.: Raman spectrum of a ~21 nm wide and 2.7 pm long GNR (black),
recorded with 488 nm wavelength. For comparison, the spectrum of the
bare Si/SiO, substrate is shown (red).

peaks are still observed, although the G peak is absent. The observation of the D
and 2D peaks for an only ~13 nm wide GNR indicates the presence of a narrow in-
active edge region (below 5 nm) (see section[L.1). Due to the SERS effect (different
configurations of Au NPs can lead to a different enhancement factor), it is difficult to
compare the absolute intensities of the graphene-related peaks of the ~21 nm wide
GNR in figure and the ~13 nm wide GNR in figure Nonetheless, the ratio of
the 2D and D peak intensities of the different GNRs can be compared. The D peak
intensity depends only on the edge-region of the GNR, whereas the 2D signal stems
from the bulk. For the narrower GNR the Iyp/Ip-ratio is decreased by a factor of
three. Since the ratio between the bulk area and the edge region is smaller for a
narrower GNR, this explains the observed behavior.

However, neither a breathing-like mode (BLM) in the low wavenumber region
(below 400 cm™!), nor a splitting of the G band, nor any other novel feature could
be found in the Raman spectra of the GNRs.[113, 129] Nonetheless, the Raman
measurements attest the present GNRs a good structural quality.
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Figure 5.3.: Raman spectrum of a ~13 nm wide and 4 pum long GNR (black),
recorded with the blue laser (A = 488 nm). For comparison the spectrum
of the bare substrate is displayed (red).

5.2. Mechanism of surface enhancement

As explained in section [2.4] two mechanisms are attributed to the Raman enhance-
ment, namely the electromagnetic mechanism (EM) and the chemical (charge trans-
fer) mechanism (CM). In order to gain a better understanding of the enhancement
of graphene’s Raman bands, the influence of the excitation wavelength, the kind
of metal, the NP size, their shape and the inter-particle distance has been studied
previously.[I34], [135] In references [134, 135] the Raman enhancement was mainly
attributed to the EM, whereas in reference [136] a notable contribution of the CM
was found. So far, the possibility to vary the Fermi level in graphene was only used
to study the Raman enhancement of molecules deposited on graphene, where the
graphene imparted a chemical enhancement of the molecule’s Raman signal.[137] In
this thesis, the variation of the Fermi level in graphene was exploited to investigate
the enhancement of graphene Raman bands by metal NPs. A possible signature of
the CM could be an asymmetry between the Raman peak intensities in the elec-
tron and hole regime, since the resonance condition (see section is expected to
depend on the Fermi level difference between graphene and the metal NPs.
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Figure 5.4.: Left: AFM image of a contacted graphene sheet with Ag NPs on top.
Center: Zoom of the left edge of the graphene sheet. Right: Height
profile along the blue line in the center panel.

Densely arranged silver nanoparticles (Ag NPs) were created on graphene by ther-
mal evaporation of 1 nm Ag. The NPs form due to surface diffusion.[I35] Figure
shows AFM topography images of a thus obtained graphene device covered by Ag
NPs with a height of up to 8 nm.
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Figure 5.5.: Transfer curves (conductance G vs. gate-source voltage Vig) of pris-
tine graphene (black) and the Ag NP-decorated graphene presented in
figure [5.4! (red), recorded under ambient conditions.

The graphene devices contacted by 5 nm Ti and 30 nm AuPd electrodes in con-
ventional field-effect transistor (FET) configuration were electrically characterized
using the doped silicon substrate as a back gate. Figure [5.5] shows the transfer
curves (conductance G vs. gate-source voltage Vi) of pristine graphene and the
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Ag NP-decorated graphene (see figure . The Dirac point for the pristine device
is at Vgs = +10 V, while the Dirac point for the Ag NP-decorated graphene device
has increased to Vs = +32 V. A p-doping of graphene by Ag NPs was observed for
all devices. The nominal thickness of the evaporated silver film had to be limited to
1 nm, in order to keep the charge neutrality point of graphene below Vg = +80 V,
and hence to enable Raman measurements for both types of charge carriers. Higher
gate-source voltages can destroy the SiOs gate insulator. Additionally, the Ag NPs
increased the electron-hole asymmetry.[138] In reference [62] it was found, that dop-
ing of graphene by molecules suppresses conductance via carriers of the opposite
polarity of the dopant. This can be explained by a misalignment of the charge neu-
trality points of the graphene below the electrodes and the graphene channel. As
a consequence, asymmetric injection of carriers occurs from the former region into
the corresponding electron and hole states of the channel.

1.0 T T T T T T o T T T T T —/F— T T ) T T T
Si
0.8 -
2 2D
5 06 G
a T With Ag
s
)
b
o 04r
S
§ ”j No Ag
0.2F /
00 C N N N /o 1 N N . i 1 N 1 N 1 N 1

900 950 1000 1050°° 1500 1550 1600 1650 ~ 2550 2600 2650 2700
Raman shift (cm'1)

Figure 5.6.: Raman spectra of three pristine graphene devices (lower curves) and
three devices with Ag NPs on top (upper curves), recorded under ambi-
ent conditions. All Raman spectra are normalized to the Si peak around
960 cm~!. Insert: Reflection image of a graphene device, which was used
to position the laser spot at the measurement position.

Raman spectra (A = 633 nm, spotsize ~ wavelength, 600 lines/mm grating,

+1.6 cm™! resolution for 633 nm) acquired under ambient conditions at the cen-
ter region of large graphene devices without and with Ag NPs are presented in fig-
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ure The laser intensity was limited to below 0.2 mW in order to avoid changes
in the morphology of the Ag NP films. A good signal-to-noise ratio was obtained
by collecting each spectrum for 30 s. All spectra are normalized to the Si peak
around 960 cm~!. An optical reflection image helps to position the laser spot at
the desired position on a sheet. In the center of the graphene sheets, far away from
the edges, the intensity of the Raman signals is spatially homogeneous. The G peak
(~1590 cm™1) intensity and the 2D peak (~2640 cm™!) intensity of the graphene
devices with Ag NPs are enhanced by a factor of 2 compared to the pristine devices.
In reference [135] a larger enhancement factor was attained by depositing more Ag,
which was not possible in this study as explained before. Measurements with A\ =
488 nm yielded an enhancement factor of 1.5. Following measurements were only
performed with 633 nm wavelength due to the higher enhancement factor and, be-
cause due to the lower photon energy of the 633 nm light, the resonance condition

described in section [2.4] should be easier to fulfill.

Chip carrier
with chp

X-Y table
including
piezo stage

Figure 5.7.: Chip carrier holder, which is thin enough to be mounted on the piezo
stage of the Raman setup.

A holder was constructed, which is thin enough to allow placing of bonded graphene
devices in the Raman setup and moving of the examined graphene sheet into the
focus of the laser spot (see figure [5.7). This allowed to measure electrical trans-
port and Raman properties simultaneously. By fitting the G peak and 2D peak
in the obtained spectra, by a Lorentzian, the peak position, the full width at half
maximum (FWHM) and the peak height were determined.[139] However, only the
electron regime could be fully probed in pristine graphene devices, similar to the
measurements in reference [90]. It is not possible with the present setup to measure
in vacuum and at low temperatures, which would provide access to the hole regime
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for a back-gated device.[140] Therefore, a solid polymer electrolyte layer (LiC1O4 +
polyethylene oxide) in combination with a silver wire was used as a topgate, similar
to the procedure reported in references [139, [141]. No difference in the carrier den-
sity of Ag NP-covered graphene regions compared to uncovered regions is expected,
as it was shown in reference [141] that the topgate action extends below the metal
contacts up to 2 um away from the contact edge.

Figure shows the transfer curve of the pristine graphene device in figure [5.5]
recorded with the topgate. The topgate voltage range had to be limited to £0.5 V
to avoid irreversible changes of the device conductance, in particular electrochemi-
cal reactions that would generate a considerable topgate current. Figure and ¢
show the Vg dependence of the position and FWHM of the G peak. The stiffening
of the G peak is due to energy renormalization of the G phonon frequency upon
doping.[90, 140] The decrease in linewidth can be explained by Pauli blocking of the
decay channel of G phonons into electron-hole pairs, when the Fermi level is shifted
away from the Dirac point by a value larger than half of the phonon energy.[90), [140]
The non-linear dependence of the 2D peak position is in accordance with predictions
by density functional theory.[139] For the observed Iyp/Is ratio decreasee with in-
creasing doping,[139] no explanation has been established yet. Overall, the results
presented in figure [5.8h-e reproduce well the findings reported in the literature. As
explained above, the intensity of the graphene Raman peaks might reveal a contri-
bution of the CM in Ag NP-decorated devices. For reference, the G peak intensity
of the pristine graphene device is plotted in figure |5.8f, showing a symmetrical be-
havior similar to the Iyp /I ratio.

Figure[5.9|displays the same kind of measurements for the graphene device covered
with Ag NPs (see figure . Like in figure , there appears a pronounced electron-
hole asymmetry in the conductance (panel a). An asymmetry between the hole and
the electron regime occurs in the Raman characteristics as well (panel b-f). At
first sight, the different G peak intensity in the electron and hole doping regimes
may be interpreted as a signature of the CM. However, considering the pronounced
electron-hole asymmetry in (a) the conductance, (b) the position of the G band, and
(c) the FWHM of the G band, it is more reasonable to assume that the electron-hole
asymmetry in the G peak intensity has the same origin as the one in the transport,
rather than to result from chemical enhancement. This assertion is supported by the
fact that some pristine graphene devices showed a more pronounced electron-hole
asymmetry than the device in figure [5.8 not only with respect to the conductance
but also the Raman characteristics.
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Figure 5.8.: Transport and Raman measurements of the pristine graphene device in
figure [p.5] recorded with a solid polymer electrolyte gate. (a) Transfer
curve. (b) Position of the G band (Pos G) and (c¢) its FWHM vs. Vrg.
(d) Position of the 2D peak vs. Vr¢g. (e) Ratio of the 2D peak and the
G peak intensities vs. Vrg. (f) Peak intensity of the G band normalized
to the intensity at the charge neutrality point vs. Vpg.
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Figure 5.9.: Electrical transport and Raman data of the Ag NP-decorated graphene
device, presented in figures [5.4] and [5.5 with a polymer electrolyte

topgate.
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6. Graphene nanoribbon memory cell

Thus far, memory devices based on graphene have been realized via nanoelectrome-
chanical breaking and switching of graphene under high vacuum conditions, which
results in a very low off-current.[142], [143] [144] However, the mechanism operative in
such memory devices has not yet been clarified. The situation is further complicated
by the fact that on the one hand cyclable conductance switching has been reported
in devices solely consisting of electrodes on SiOy interrupted by nanogaps,[145] while
on the other hand switching was observed also in suspended graphene.[146] By com-
parison, in the present thesis a graphene nanoribbon (GNR) memory cell based on
a non-destructive storage mechanism is demonstrated.

The GNR memory devices were fabricated by Ar ion-beam etching (IBE) of
graphene monolayers using V205 nanofibers (NFs) deposited from aqueous solu-
tion as etching mask (see section [4.2)). In addition to the source and drain contacts
at the NF ends, in all devices control electrodes were attached to the bare graphene
and a NF on SiO,. The resulting contact configuration is exemplified in the inset
of figure [6.1p. In order to etch the unprotected graphene, the samples were briefly
(3 s) exposed to an Ar IBE, followed by removal of remaining parts of the VoO5 NFs
by dilute HCI solution (see figure ) The last step was optional, as the device
operation proved to be independent of the presence of residual V,05. A negligible
electrical conductivity of the unprotected graphene (>100 GS2) could be confirmed
with the help of control electrode C;. The control electrode Cy was used to deter-
mine the resistance change of the Vo035 NF upon etching, whereupon an increase
from 100 MS2 to insulating (>100 GQ2) was found. Accordingly, after etching finite
resistance was detectable only between the S and D electrodes (always <50 MQ).

6.1. Electrical characterization of the graphene
nanoribbons

The transfer curve (drain current Ip vs. gate-source voltage Vizg) of a representative
GNR memory device, acquired under ambient conditions, is depicted in figure [6.1}.
It exhibits a pronounced hysteresis, with an on/off ratio of 5 (points L and N ) in
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Figure 6.1.: (a) Schematic depiction of a contacted GNR in conventional field-effect
transistor configuration. (b) Transfer curve of an exemplary GNR mem-
ory device recorded under ambient conditions at a drain-source voltage
Vps = 1 V. The gate sweep direction is indicated by the arrows. The
left and right turning points of the sweep are denoted by L and R, re-
spectively, and the current minima along the corresponding sweeps by
N, and Ng. The total sweep time is 9 min. Inset: AFM topography
image of a GNR memory device before Ar IBE. The GNR is contacted
by source (S) and drain (D) electrodes. Control electrodes C; and Cy
serve to test the resistance of the monolayer graphene (highlighted by
white dashed line) and the V,O5 NF after etching, respectively.[147]

the full voltage range, and 2 at Vgg = 0 V (points "0” and ”1”7). The hysteresis
allows selection of a gate voltage at which the GNR assumes two different conduc-
tance states depending on the sweep direction.[148] [149] [150] In order to eliminate
static power dissipation in the input stage, these two states (marked by ”0” and ”1”
in figure ) are chosen at Vgg = 0 V.

While a higher on/off ratio can be obtained by longer etching, this also increases
the on resistance and thus slows the device operation (see section . In addition,
the on/off ratio of fabricated devices was found to increase upon cooling, a well
known behavior of GNRs.[65], [66] Figure shows the evolution of the transfer
curve of another GNR device as the temperature is decreased. The on/off ratio in
the gate voltage range |Vgg| < 40 V is 22 under ambient conditions, 187 at 164 K,
and >1000 at 2 K.
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Figure 6.2.: Transfer curve (i.e., conductance G' vs. gate-source voltage Vgg) of
another GNR, device, acquired under ambient conditions (black), T' =

164 K (red), and T" = 2 K (blue).[147]

6.2. Memory effect

A static pulse response measurement of the device in figure [6.1] is presented in
figure |6.3] Triggering was done using a bipolar pulse-wave signal with a period of
3.5 min and a duty cycle of 10 % which ensures stable and well-distinguished ”0”
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Figure 6.3.: Memory effect. (a) Switching of the GNR device in figure by a
trigger signal with an amplitude 10 V and a duty cycle of 10 %. (b)
Drain current measured under ambient conditions at Vpg = 1 V.[147]
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and "1” states are reached. At such a low clock rate, the "17/70” ratio observed in
figure [6.1] is preserved. When the device is in the "0” state, a positive pulse moves
the operating point as 70"—N;—R—N—"1" (figure [6.1), i.e., the device flips its
state and remains in the new (”1”) state even after the gate voltage is reset. Since
the currents in the ”70” and "1” states are between the currents at the point R and
the charge neutrality points N and Ny, both a current overshoot and undershoot
occur during the pulse. Similarly, a negative gate pulse moves the operating point as
"1”—L—"0" which restores the ”0” state of the memory. In this case, only a current
overshoot (at point L) is detected during the negative pulse.

6.3. Dynamic pulse response measurements
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Figure 6.4.: Digital waveforms gained from the device of figure under ambient
conditions. (a) Trigger signal with a frequency f = 100 Hz and a duty
cycle of 10 %. (b), (¢) Ip at Vpg = 1 V recorded with an input signal
frequency of f = 100 Hz (panel b) and f = 1 kHz (panel c¢). At 1 kHz,
two different duty cycles were used: 10 % (blue; pulse duration of 50 ps)
and 0.1 % (yellow; pulse duration of 500 ns).[147]

Corresponding dynamic pulse response measurements at two different clock rates
of the input signal are shown in figure [6.4, The device was triggered with a bipolar
pulsewave signal with frequencies of up to 1 kHz. At the latter frequency, the
difference between the currents in the ”0” and ”1” state is reduced due to the shorter
pulse duration.[I51] This effect is more pronounced for extremely small duty cycles,
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such as 0.1 % in figure[6.4k. In this case, the pulse duration is only 500 ns at 1 kHz,
resulting in a difference between the ”"0” and ”1” currents of only 5 %. Compared
to the pulse durations in the range of 1 to 10 ms reported for carbon nanotube
(CNT) memories with a SiO, gate dielectric the present devices can be switched
approximately three orders of magnitude faster.[149] (152, [153] The highest operating
clock frequency was found to be ~5 kHz (at a duty cycle of 10 %), which is not limited
by the device itself but rather by the bandwidth of the current sense amplifier
used to measure the drain current. The obtained high clock rate, which exceeds
that reported for other CNT and graphene memory devices by several orders of
magnitude, [142, [153] demonstrates that it is not only possible to trigger the device
with very short pulses, but also that the device has a very short transition time
(<1 ms). Such clock rates are not available for other CNT or graphene memory
devices, for which transition times are not explicitly given. Even faster and more
stable charging/discharging may be achievable with different gate dielectrics,[153]
or by an improved etching process which reduces the on-resistance of the GNRs.

6.4. Origin of hysteresis
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Figure 6.5.: Data retention in the un-powered memory device of figure (a)
Trigger signal. (b) Conductance acquired under ambient conditions and
two different pressure regimes.|[147]

The atomic force microscopy and Raman data in section evidence that the
Ar IBE etching of graphene does not leave sufficient residual carbon to influence
device operation. This hints toward charge trapping by water molecules around the
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GNR as origin of the hysteresis.[148], [154], 155 156, 157] This assertion is further
supported by the retention time measurements shown in figure [6.5 In contrast to
non-volatile CNT memory devices,[148], 149, [150] the GNR memory cell was found
to be volatile under ambient conditions. The ”0” and ”1” state slowly drifted to an
intermediate conductance over ~6 hours, as apparent from figure[6.5 This drift was
observed both in powered (Vps = 1 V constantly applied) and unpowered (Vps =
1 V only applied for data acquisition) devices and could be significantly reduced by
placing the samples in vacuum. The traps were found to discharge over approxi-
mately 1 day at a pressure of ~1072 mbar and >3 days at 10~° mbar. One further
gate sweep proved sufficient to charge the traps and restore the states. The apprecia-
ble volatility under ambient suggests a sizeable interaction between water molecules

and functional groups on the SiO (e.g., silanol groups), or hydroxyl groups located
at the GNR edges.[155], 157, [15§]

The importance of surface water gains further support from the device behavior
at low temperatures (100 K), where no discharging was observed over prolonged
periods of time (>2 days; see figure , most likely because the surface water is
frozen.
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Figure 6.6.: Data retention in a different GNR memory device at 7' = 100 K. (a)
Trigger signal. (b) The measured drain current. Data is read every 10 s
at the drain voltage Vpg = 1 V.[147]

The influence of water molecules was also confirmed by sample annealing. Fig-
ure shows a transfer curve of a GNR before and after annealing. Before an-
nealing, the GNR exhibited strong hysteretic behavior. After annealing in vacuum
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(~107% mbar) at 160 °C for 2 hours, the sample was transported in air and placed
in a measurement setup under vacuum (~107° mbar). The subsequently recorded
transfer curve revealed less hysteresis than before annealing, underscoring the influ-
ence of water molecules.[154, [I55] However, the hysteresis could not be completely
eliminated by annealing, as this would require freely suspended GNRs.[154]
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Figure 6.7.: Transfer curve of a GNR before (black) and after (red) vacuum annealing
(107¢ mbar, 160 °C, 2 hours).[147]

It is noteworthy that the stored data could be retained during the same period of
time even if the device was powered by Vpgs = 1 V, demonstrating its good durability
and stability. The device could also be operated for many hours at various clock
rates (<10 kHz) and temperatures without any degradation or failure, yielding an
endurance of >107 cycles. These characteristics render the GNR devices interesting
for application as static random access memory or non-volatile flash memory cells.

6.5. Influence of etching time on hysteresis and
device operation

Non-etched graphene samples were found to exhibit a small or no hysteresis at all in
the gate-source voltage range of the trigger signal (|Vgs| < 10 V). Figure shows
the transfer curves Ip (Vi) of two different samples under ambient conditions. The
sample in figure shows a behavior typical for all the investigated samples, i.e.,
it exhibits sizeable hysteretic behavior only in a very large gate voltage range,[159)
while the hysteresis decreases, when the gate-source voltage range is reduced to that

93



Graphene nanoribbon memory cell

(a) 500 ——————————— (b) 110 ——m8 ————
450 '
400 _ 100} // i
< L <
= 350 = /
\Q 3 \Q \ /
300 90} \ /’ -
L \
250 N/
200 N N N N N 80 N 1 N 1 N 1 N
0O 20 40 60 80 100 -10 0 10 20 30
VGS (V) VGS (V)

Figure 6.8.: Transfer curves of two different unetched graphene samples recorded un-
der ambient conditions at a drain-source voltage Vps = 1 V. In sample
(a) two different gate voltage ranges were used: 0 V < Vgg < 100 V
(black) and |Vgg| < 10 V (red). The curves were recorded in the static
mode under the same conditions as the transfer curve shown in fig-
ure [6.1] In sample (b) the transfer curve was recorded in the dynamic
mode under the same conditions as the measurements shown in fig-
ure (f = 100 Hz). The gate voltage range is |Vgs| < 10 V. The
dashed line indicates the position of the Dirac point.[147]

of the trigger signal. The sample in figure displayed the most pronounced hys-
teresis of all investigated samples in this gate-source voltage range. However, the
"17/70” ratio at Vg = 0 V is only 1.01, which renders the memory states essentially
indistinguishable.

IBE resulted in the appearance of a pronounced hysteresis in the transfer curve
in a voltage range of the trigger signal and an increase in the ”17/70” ratio at Vgg
= 0 V. For the present samples, the very thin V,05 NF masks are not capable of
entirely protecting the underlying graphene from the ion beam, such that the etch-
ing time had to be limited in order to keep the on resistance sufficiently low (~M¢)
to clock the devices in the lower radio-frequency range (~kHz). The best results
have been attained for short etching times (~3 s), yielding GNRs with a resistance
of ~1 M (for a typical GNR length ~1 pm) and an ”1”7/70” ratio of ~2 at Vgg =
0V, as described before. Moderate etching times (~5 s) increased the on-resistance
(~50 M) and slowed the device operation. However, this also improved the on/off
ratio, probably because longer etching made the GNRs narrower. Finally, long etch-
ing times (> 5 s) resulted in non-conductive GNRs.
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Figure 6.9.: Operation of a GNR memory device etched for 5 s. The device was

measured under ambient conditions at a drain-source voltage Vpg =4 V.
(a) Transfer curve of the device. The gate sweep direction is indicated by
the arrows. The left and right turning points of the sweep are denoted
by L and R. (b) Switching of the device in a static pulse response mode
by a trigger signal with an amplitude 10 V and a duty cycle of 10 %.
(c) Drain current in a static pulse response mode. (d) Switching of the
device operated in a dynamic pulse response mode by a trigger signal
at a frequency f = 100 Hz and a duty cycle of 10 %. (e), (f) Digital
waveforms for /p recorded with an input signal frequency of f = 100 Hz

(panel e) and f = 1 kHz (panel f).[147]

The operation of a representative memory device etched for 5 s is demonstrated

in figure All measurements were performed under ambient conditions. Due to
the larger resistance compared to devices etched for 3 s, this device exhibits lower
on- and off-current levels. Although the bias (Vpg) did not influence the ”17/70”
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ratio at Vgg = 0 V, the device was biased with Vpg = 4 V (instead of 1 V used
before) in order to increase the absolute difference between "0” and ”1” currents and
make them distinguishable even at a frequency f = 1 kHz. The transfer curve of
the device, depicted in figure , displays a pronounced hysteresis, with an on/off
ratio in the full voltage range of 33.4 (points L and R), and 3.9 at Vg = 0 V (points
"0” and "1”). Corresponding static pulse response measurements are presented in
figure and c. Triggering was done using a bipolar pulse-wave signal with a
period of 100 s and a duty cycle of 10 %. In this case, the ”17/70” ratio at Vgg
= 0 V is reduced to 2.3 due to a reduction in the ”1” current in the pulsed mode
of operation. Dynamic pulse response measurements at two different clock rates of
the input signal are shown in figure [6.9d, e and f. The device was triggered with a
bipolar pulse-wave signal with frequencies of up to 1 kHz. At the latter frequency,
the difference between the currents in the ”0” and ”1” state is reduced owing to the
shorter pulse duration.|[I51]
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7. Spatially resolved photocurrents
in graphene nanoribbon devices

Recently, the optoelectronic properties of pristine or patterned graphene have re-
ceived strong attention.[I60] For example, due to its linear dispersion relation and
the Pauli blocking principle, graphene possesses wavelength-independent ultrafast
saturable absorption, which has motivated the exploration of graphene as a compo-
nent of mode-locked lasers.[161] The high charge carrier mobility in graphene in com-
bination with a short photocarrier lifetime make it interesting as an ultrafast pho-
todetector, which displays zero dark current as no bias needs to be applied.[162, [163]

On the more fundamental side, the mechanism of photocurrent generation at the
graphene/metal interface has attracted attention.[164], 165, 166l 167, [168] The pio-
neering scanning photocurrent microscopy (SPCM) experiments on graphene tran-
sistors have been interpreted based upon the presence of local built-in electric fields
at the metal contacts.[164] Moreover, the spatially resolved photocurrent images
have revealed that the photoresponse at the graphene edges switches at a different
gate-source voltage than the main sheet. This behavior has been explained by an
altered coupling of the gate to the edges and the presence of localized edge states.
Furthermore, photocurrent spots distributed over the graphene sheet have been at-
tributed to electron-hole puddles.[8T], 164] A photocurrent response has also been
detected at the interface between mono- and bilayer graphene.[169] The determined
polarity of the photocurrent signal while varying the Fermi level has identified the
photo-thermoelectric Seebeck effect as the origin of photocurrent generation for this
specific device configuration, whereas a sign with opposite polarity would be ex-
pected for the built-in electric field mechanism.[169] Further studies have addressed
photocurrent generation in graphene p-n junctions obtained through chemical or
electrostatic doping.[170], I71] The processes limiting the speed of graphene-based
photodetectors have been evaluated using an optical correlation pump-probe tech-
nique with ultrashort laser pulses.[I72, 173] An intrinsic response time of ~2 ps
corresponding to a bandwith of ~500 GHz has been observed/found, which is lim-
ited by three major factors, namely the relaxation of the photoexcited carriers via
emission of phonons, their recombination and the transit time out of the excitation
area.
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In order to improve the performance of graphene photodetectors by converting
light more efficiently into an electrical signal, several approaches have been followed.
By combining graphene with plasmonic nanostructures, the responsivity could be
increased from ~1 mA/W up to several 10 mA/W, due to efficient field concen-
tration in the area of photocurrent generation.[174], 175] Additionally, wavelength
and polarization selectivity have been achieved through nanostructures of different
geometries. [174, [I75] One possibility to increase the optical field by approximately a
factor of 20 is to integrate graphene with a Fabry-Pérot microcavity, where the field
enhancement occurs only at the design wavelength.[I76] Since the photon lifetime
in the cavity is in the fs range, no increase in the response time of the graphene
photodetector can be expected.

With regard to GNRs, although their dark electrical properties have been ex-
perimentally investigated to some extent,[65], [66] R3] 84, [114], 120} 177] their opto-
electronic behavior has thus far been addressed only by theory.[I78] In this thesis,
SPCM is used to study the spatially resolved photocurrent response of individual
graphene nanoribbons (GNRs) of high structural quality. In contrast to extended
graphene sheets, in these experiments the entire width of the conducting channel
(GNR width ~10 to 20 nm) is illuminated by the laser spot (~500 nm diameter),
such that potential complications due to inhomogeneous temperature and/or elec-
tric field gradients over the channel width are avoided.

Figure 7.1.: AFM image of a 22 nm wide, electrically contacted GNR. The distance
between the contacts is 1.5 pum.

The GNRs used in the SPCM measurements were fabricated using CdSe nanowires
(NWs) as etching mask (see section[4.3)). As shown in figure[4.9/in the GNR fabrica-
tion chapter, the width of the GNRs agrees well with the diameter of the correspond-
ing NWs. In most cases, metal contacts were defined after completely dissolving the
CdSe NWs by wet etching. The exemplary atomic force microscope (AFM) image
in figure [7.1] testifies a regular structure and clean surface of the resulting GNRs.
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7.1. Electrical characterization of the graphene
nanoribbons

7.1.1. CdSe nanowire etching mask removed
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Figure 7.2.: Electrical characterization of GNR devices under ambient conditions.
(a) Electrical resistance as a function of Vgg for the device shown in
figure (Vpirae = +10 V in this case). Inset: Ip vs. Vpg curve at
the Dirac point. (b) On/off ratio plotted against ribbon width. The on
conductance is measured in the p-type regime at Vigs — Vpiree = -30 V.
In total 24 GNR devices on three different chips (designated by black
squares, red circles, and blue triangles, respectively) were evaluated.

The devices were electrically characterized under ambient conditions. In general,
the Ip vs. Vpg curves showed a linear dependence, as exemplified by the inset in
figure for the GNR in figure [7.1} From the transfer curves revealing ambipolar
behavior, an on/off ratio was determined by dividing the resistance at the Dirac
point by the resistance determined well within the p-type regime (at Vs — Vpirac
= -30 V).[I79] For the present device with Vpj.ec = +10 V, an on/off ratio of 14 is
obtained. Figure shows the dependence of the on/off ratio on the ribbon width,
W, for in total 24 different GNR devices. With decreasing width, the on/off ratio
increases, reaching almost 3 orders of magnitude for a ~10 nm wide GNR. This
trend is consistent with the opening of a transport gap E,,, (see section , which
is inversely proportional to Wg, Eyqp ~ WLc.[GE), 60, 120] The obtained on-resistance
values and on/off ratios agree well with previous reports on GNRs with comparable
widths.[120] 179, [180] However, further characteristics like an exponentially increas-
ing R-Wg vs. L relationship (Lg is the GNR length), suggestive of an edge effect
through a strong localization transport regime,[179] could not be observed. This
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may be due to the fact, that the present transport setup does not allow heating in

vacuum to remove extrinsic dopants, as has been done in reference [179).

7.1.2. CdSe nanowire left on top

2.0 . —

15} //\ -
= 10f [\ -
1 . _/' \'\.

0.5} —

00 == 1 1 1

-40 -20 0 20 40
Ves (V)

Figure 7.3.: Transfer curve of a GNR (~20 nm width) with CdSe NW etching mask
remaining on top (ambient conditions).

To determine the influence of the wet chemical removal of the CdSe NW, GNR
devices with CdSe NWs remaining on top were electrically characterized. To this
end, CdSe NWs were deposited onto graphene, and then contacts defined by e-beam
lithography and thermal evaporation (2 nm Cr + 55 nm Pd). Subsequently, reactive
ion etching was used to etch unprotected graphene, whereupon the contacts act as
a protective mask. Upon application of a drain-source bias to the completed de-
vices, current flows from the metal contacts through the graphene into the GNR.
The CdSe NWs do not contribute to the transport as they are non-conductive (as
confirmed with the aid of control electrodes). Figure [7.3shows the transfer curve of
a 20 nm wide GNR device prepared in this manner. The Dirac point occurs at Vg
= +4V, close to the value of 410 V for the device described above (figure [7.1]). For
some devices with removed CdSe NW the Dirac point was close to 0 V, testifying
that no appreciable doping is introduced by the wet chemistry. The on/off ratio
of 11 is comparable to that of devices with the CdSe NW removed. Likewise, the
on-resistance of devices with CdSe remaining on top is similar to the ones with CdSe
NW removed. It is hence concluded that no additional scattering is introduced by
the CdSe NW removal, i.e., the electrical transport properties of the GNR devices
are undisturbed. This behavior is distinguished from other cases like exposure to
the e-beam resist hydrogensilsesquioxane, whereby additional scattering or doping
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is introduced.|[118] For all data presented in the following sections, the CdSe NW
etching mask was removed.

7.2. Photocurrent measurements

The spatially resolved photoresponse of the GNRs was measured using a confocal
microscope operated in air. The employed set-up is schematically depicted in fig-
ure [7.4a. In the experiments, unbiased devices were raster-scanned (lateral step
size of ~60 nm) through the approximately 500 nm wide laser spot (linearly po-
larized light with A = 633 nm and a power of 240 W was used to ensure a good
signal-to-noise ratio), while recording the electrical current for each position. In all
photocurrent measurements, no drain-source voltage was applied (except the con-
trol measurements in figure . The possibility to rotate the sample and hence the
GNR axis relatively to the plane of the incoming light was realized by the construc-
tion of a rotatable sample holder (see figure [7.4p).

(@) Laser (b) Chip carrier

with chip Objective

Rotatable

Piezo-stage (x,y) ~ / chip holder

Figure 7.4.: (a) Schematic illustration of the scanning photocurrent microscopy
setup (SPCM). (b) Picture of the rotatable chip holder.

An optical reflection image of the device in figure [7.1] is displayed in figure [7.5h,
where due to the low reflection intensity of the GNR only the electrodes can be
discerned. As illustrated by figure , in the p-type regime (gate-source voltage
Ves — Vpirae = -36 V, Vpg = 0 V) a positive photocurrent of ~2 nA is detected at
the source contact, while a negative current of similar magnitude occurs at the drain
contact. Upon transition from the p-type to the n-type regime (i.e., by applying a
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positive gate-source voltage), the photocurrent at the source contact changes sign
from positive to negative, while a positive current emerges at the drain contact,
as apparent from figure [7.5¢. Such sign reversal of the photocurrent signals upon
gating is well-documented for graphene. 164, [165] 166], 167] It is noteworthy that in
all GNR devices no difference could be observed between parallel and perpendicular
polarization direction of the incident laser light with respect to the long axis of the
GNR. This finding is in contrast to the report of Shi et al.,[I81] and most likely due
to the fact that the latter work involved nanogap electrodes as plasmonic antenna.

D »

- |
S S
800 nm 91 9nAM800 nm
— —

Figure 7.5.: SPCM measurements on the device in figure (step size of the laser
spot ~62 nm). (a) Optical reflection image recorded during the pho-
tocurrent measurement, revealing the two metal contacts. (b) SPCM
image in the p-type regime of the device (Vgs — Vpirae = -36 V, Vps =
0 V). The two photocurrent peaks are respectively denoted as S and D,
according to their nearby electrodes. (¢) SPCM image recorded in the
n-type regime at Vigs — Vpirae = +20 V.

7.2.1. Built-in electric field model

The photocurrent generation in extended graphene has been attributed to the pres-
ence of local built-in electric fields which separate photoexcited electron-hole pairs.
[164), [165], 1606, 167, 168] Such fields are typically present at the electrical contacts,
and their magnitude depends on the difference in the work functions of the con-
tact metal and the graphene (see section [2.5)). To evaluate whether this mechanism
can explain the photocurrent generation at the GNR/metal junction, we compare
the corresponding local photocurrent signals detected from GNRs with different
dimensions. In order to exclude the influence of different charge carrier concen-
trations in the devices, the comparison is made at high carrier densities in the
p- or n-type regime. The photocurrent caused by the built-in field is given by
Iphoto = Wg-e-n*- £, where e is the elementary charge, n* the photoinduced car-
rier density, and & the built-in field.[103] [182] It is noteworthy that the light power
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Figure 7.6.: Photocurrent detected close to the metal contact in dependence of the
GNR width. The gate voltage was adjusted to Vg ~ -30 V for the p-
type regime (a), and Vigs ~ 430 V in case of the n-type regime (b). Error
bars correspond to the standard deviation determined by averaging over
several measurements.

per area should be constant over the GNR width Wy, as the latter is much smaller
compared to the approximately 500 nm wide laser spot. For both gating regimes, the
measured photocurrent as a function of Wy (see figure displays a pronounced
scatter rather than a linear dependence. This observation is incompatible with the
built-in field mechanism, although it may be argued that work function differences
between the GNR devices could have a profound influence. However, this scenario is
unlikely considering the fact that even GNRs with the same width and on/off ratio

exhibit notably different photocurrents, as apparent from table (see appendix -
photocurrent data of GNRs).

This conclusion remains valid also when partial recombination of the excited car-
riers is taken into account. Up to this point, it was assumed that all electron-hole
pairs get separated. In the following, we consider the effect of the recombination of
excited charge carriers by including the mobility p of each measured device.[182] The
carrier transit time in the built-in field region and hence the number of recombining
electron-hole pairs should rise with decreasing carrier mobility of the GNRs.[I72]
This dependency can be described by the equation Ippe, = We-e-n*-&- p.[182]
The mobility for each device can be obtained by fitting the transport data away
from the Dirac point, for the hole and electron regime separately, by the equation

La 1
We e-p-+/ng+n2

where R¢ is the contact resistance, Lg the channel length, and ng the density of

R =R¢c+
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carriers at the Dirac point.[I83] The gate-dependent carrier density n is calculated
with the following expression for the capacitance, which includes fringing effects: [184]

c 1 n s
ox = €oz€ T .
: oz WG : IH[G ’ (5{}_2 + 1)]

Thus obtained values of Ippeto/(We - ) still are not constant (see table [A.1]).

7.2.2. Photo-thermoelectric Seebeck effect
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Figure 7.7.: Photocurrent (black squares) and calculated photovoltage values (red
circles) in dependence of the inverse of the measured Ohmic resistance
of several GNR devices for the p-type regime (a) and the n-type regime
(b). Error bars correspond to the standard deviation determined by
averaging over several measurements.

In contrast to the plot of Ipp.e vs. Weg, a linear dependency exists between
Iphoto and the inverse resistance of the GNRs (see figure . The photocurrent
rises linearly with the inverse resistance, with an overall increase by a factor of ap-
proximately 10 in both regimes. It turns out that very similar photovoltage values
are obtained by multiplying the (dark) electrical resistance at a fixed gate-source
voltage R(Vgs) with the photocurrent peak magnitude Ippo0(Vis) under the same
condition, as evident from the corresponding plots in figure [7.7]

Figure presents Ip vs. Vpg curves acquired at Vgg = +30 V of the device
in figure [7.1] The laser was fixed at one position while the current was measured.
The black curve was obtained with the laser spot kept at the source contact (S),
representing the position of maximal photocurrent generation. Compared to the red
curve (recorded with laser turned off), the black curve is shifted to the right. For
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the laser spot located at the drain contact, the curve (green symbols) was obtained,
which is shifted to the left with respect to the curves recorded in the dark. It follows
that the slope of the line is independent of whether the device is illuminated or
not. This finding justifies the photovoltage calculation by multiplication of the dark
electrical resistance at a specific gate-source voltage with the photocurrent peak
magnitude at this gate-source voltage: Vpnowo(Vas) = Ipnoto(Vas) - R(Vas). The
small differences (less than 5 %) between the slopes are attributed to a slight drift
of the charge neutrality point with time (see section . In order to reduce the in-
fluence of such effects, the results of several photocurrent measurements on the same
device were averaged. On this basis, error bars in figures[7.6 and [7.7] were calculated.

a) 15F -
(a) 15 (b)
10}
< 5-' th
=0 o _I I_ R
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ol *S dark ]
-10 Don - g
-15 vD dark _ IPhoto, measured
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Figure 7.8.: (a) Ip vs. Vpg curves recorded at Vgs = +30 V applied to the device
presented in figure [7.I} S: source contact, D: drain contact, on: device
illuminated, dark: laser off. (b) Equivalent circuit model to account for

the data in (a) and figure .

Alternatively, the photovoltage may be directly determined as the absolute value
of Vps of the intersection of the curves under illumination (S on and D on) with
the Ip-axis in figure [7.8a. Unfortunately, these kind of measurements could not be
performed, as they would be extremely time-consuming with the current setup.

The observation of an almost constant photovoltage close to the contacts points
toward the photo-thermoelectric Seebeck effect as the dominant mechanism respon-
sible for the photocurrent generation (see equivalent circuit in figure ) This
mechanism has been invoked as an alternative to the built-in electric field to explain
the photocurrent generation at the graphene/metal or graphene monolayer/bilayer
interface, or graphene p-n junctions (see section [2.5)).[166, 168, 169, 171] A tempera-
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ture difference AT between the two graphene/metal interfaces, due to locally heat-
ing by the laser spot, produces a thermoelectric voltage Vpporo = (S¢ — Syretar) - AT,
where Sg and S)y/eq are the Seebeck coefficients of the GNR and contact metal, re-
spectively. As a consequence, a thermoelectrically-induced photocurrent is generated
whose magnitude scales inversely with the GNR device resistance Ippoto = Vpnoto/ R-

The Seebeck coefficient S can be estimated from the Mott relation: [106], T07]
S:_ﬂ-Qk%T.l. do ‘dVGs
3e g dVGs dE .

As the two-probe resistance R and dR/dVgs both depend on the contact resis-
tance of the devices, we derive the magnitude of the latter by fitting R(Vgs) for
holes and electrons separately, and subtract it from R.[183] In this manner, one ob-
tains respective values of S ~ 430 uV/K and S =~ -40 ¢V /K for the p- and n-type
regime of the device in figure The finding of a larger Seebeck coefficient in
the n- vs. p-type regime is in accord with previous reports, and is explainable by
the electron-hole asymmetry introduced by contact doping.[106l [I38] The present S
values are slightly smaller than the ~50 ©V /K reported for graphene, which could
be explained by the better gate coupling in the GNR devices.[106] The measured
photovoltages of 0.76 mV in the p-type and 1.7 mV in the n-type regime yield a
respective temperature difference AT of ~30 K and ~40 K between the illuminated
region at the GNR/metal interface and the surrounding. The notable difference
between the two gating regimes is at least partly due to neglecting Spyser;- Interest-
ingly, the above AT range significantly exceeds that of AT =~ 0.1-1 K obtained for
graphene using comparable laser wavelengths and a power of 40 pW.[169, [T71] This
difference cannot be fully accounted for by the higher laser power of 240 W used in
the present experiments, thus suggesting a reduced heat transport capability of the
GNRs in comparison to graphene.[184] Consequently, heat dissipation is dominated
by the SiO, substrate and/or the metal contacts rather than the GNR itself.[184]
This hypothesis is supported by comparison with Raman spectroscopy studies on
GNRs. Prolonged irradiation (A = 633 nm, 300 kW /cm? intensity) causes photoin-
duced changes, similar to the effect of thermal heating to 100 °C in air.[131] Hence,
a few tens of Kelvin seem to be reasonable for our setup (120 kW /cm?). However,
it should be emphasized that even if photocurrent generation in GNRs is predom-
inantly via the photo-thermoelectric mechanism, the situation may be different for
extended sheets of graphene, in which heat dissipation is more effective.
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8. Edge functionalization of
graphene

Graphene as an atomically thin sheet requires doping schemes that are non-intrusive
and preserve the pristine lattice, rather than direct incorporation of dopant species
into the basal plane, which can severely limit mobility.[45] The edge chemistry of
GNRs and geometry is predicted to govern the electronic and magnetic properties,
which may be exploited to improve the performance of corresponding devices.[51]

8.1. Functionalization by bromine

The attachment of bromine atoms was tested as a means to saturate the edges of
GNRs.[185] Theory predicts that halogen molecules bind preferentially to zigzag
edges (figure ), and thereby enhance the magnetic order, magnetic anistropy,
crossover temperature, as well as spin correlation length in GNRs.[51]

(a) (b) Furnace (moveable) Ar/H, from
e 0 flow controller
s
@cC
@ Br
OH

¢ 4 <t
Fume hood for Br,
including bypass

Figure 8.1.: (a) Scheme showing Br atoms at GNR edges. Adapted from reference
[185]. (b) Tube furnace used for reacting GNRs with Bry vapor.

For the graphene edge functionalization experiments, a tube furnace system was
built-up (see figure ), wherein reactive agents can be supplied from the gas phase.
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Edge functionalization of graphene

A clean environment allowing to remove adsorbates from graphene samples prior to
the reaction is realized by the possibility to evacuate to low pressures (10~° mbar),
subsequent purging with Ar and Hsy and final heating up to 1000 °C.

8.2. Graphite step edges exposed to Br;

Figure shows a scanning electron microscopy (SEM) image of highly oriented
pyrolytic graphite (HOPG) heated to 850 °C in forming gas (90 % Ar/10 % Hs),
followed by exposure to Bry vapor during the 45 min cooling down from 850 °C
to 300 °C. To this end, 1 ml Bry was filled into a glass storage vessel under Ar
atmosphere. During the Bry vapor exposure, the bypass valve is closed and Ar gas
flows through the vessel into the oven. Samples treated in this way exhibited a
clear structure change of the naturally occuring step edges. After heating the same
sample again to 850 °C in forming gas, the 50-80 nm wide seams at the edges had
disappeared. It could not be clarified, whether a covalent reaction or just intercala-
tion of Bry took place at the edges.

Figure 8.2.: SEM image of HOPG exposed to Bry vapor for 45 min during cooling
down from 850 °C to 300 °C. [Image taken by R. Preuss]

8.3. Electrical and Raman characterization of
Br,-treated graphene

Graphene monolayers on Si/SiOy substrates were exposed to Bry vapor at low tem-
perature (<300 °C), under which condition no change of the HOPG edges occured,
as concluded from SEM inspection. Transport measurements at ambient conditions
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Figure 8.3.: (a) Transfer curve and (b) Raman G-line of a graphene monolayer before
(black) and after Bro-treatment (red), both recorded under ambient
condition. [Raman measurement performed by N. Scheuschner]

showed a pronounced shift of the Dirac point toward positive gate-source voltages
(above Vgs = 80 V), evidencing hole-doping (see figure [8.3h). Confocal Raman
spectroscopy (A = 633 nm) provided further evidence for p-doping by the up-shift
of the G peak (figure [8.3p), as apparent from comparison with the gate-induced
doping measurements in section [5.2 The D-line was only detectable at the edges
(see section [2.3)), proving the absence of covalent binding of Br atoms to the bulk
graphene. In references [186, [I87] the p-doping has been attributed to the adsorp-
tion of Bry molecules on both sides of the graphene monolayer, leading to electron
transfer from graphene to the Bry acceptor molecules. For the present samples, no
additional change between the edge and the bulk region, except the well-known D
peak at half frequency of the 2D peak at the edges, could be detected by confocal
Raman microscopy. Hence, a microscopic technique offering atomic resolution was
needed to explore the edges.

8.4. Scanning tunneling microscopy of Br,-treated
graphite edges

Scanning tunneling microscopy (STM) operated under ultra-high vacuum (UHV,
1071% mbar) on HOPG substrates exposed to Bry vapor under conditions which do
not lead to significant swelling (seam formation) at the edges, could not provide
edge images with atomic resolution. Only at the terrace center atomic resolution
was achievable.
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Edge functionalization of graphene

Figure 8.4.: (a) SEM image showing zigzag and armchair edges of nanoparticle
etched trenches in HOPG. (b) + (¢) STM images recorded at T' = 40 K
under UHV (107'° mbar). [Images taken by R. Preuss, G. Rinke and S.
Rauschenbach]

Even lower STM resolution was achieved for oriented graphene edges (zigzag, arm-
chair), obtained by anisotropic etching of HOPG with cobalt nanoparticles (NPs) (10
nm diameter, Strem Chemicals) for 30 min at 850 °C and 1 atm using a flow of 100
sccm forming gas (see figure .ﬂm], 116] The STM tip picked up contaminations
(presumably from the Co NPs). In order to reduce this problems, two approaches
were pursued. Firstly, the Co NPs were removed by wet chemical etchants (e.g.,
diluted HNOj3, HCI or FeCl3). This step, however, was not succesful, since residues
remained on the HOPG surface. Secondly, the transfer of the Br-treated HOPG
sample from the furnace to the STM chamber was conducted under Ar atmosphere,
in order to avoid that adsorbates from ambient air would first attach to the Co NPs
and then to the tip during the STM scan. However, also in this case no improvement
was achieved.

8.5. Transmission electron microscopy of graphene
exposed to Br,

Due to the problems with the STM imaging, transmission electron microscopy
(TEM) was used as an alternative microscopy method. For this purpose, sam-
ples were prepared by exposing chemical vapor deposition-grown graphene (partially
multilayered) on TEM grids (purchased from Graphene Supermarket, USA) to Bry
vapor. Initially, the grids were cleaned in forming gas at 300 °C for 15 min. During
the cooling down the samples were exposed to the Bry vapor from 150 °C to 100 °C
for 5 min. Atomic resolution could be obtained only far away from the edges at the
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center of the sheets (see figure . While the electron beam itself did not damage
the sample at the center, the edges are much more sensitive against the energy im-
pact and can hence not be atomically resolved.[188] [I89] Neither adsorption of Bry
molecules, nor sp>-bonded defects could be detected at the center of the sheets.

Figure 8.5.: TEM image of the center of a graphene sheet after heating to 300 °C
in forming gas, and subsequent exposure to Bry vapor during cooling
down from 150 °C to 100 °C for 5 min. [Image taken by S. Kurasch)]
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9. Low temperature transport
through graphene nanoribbon
quantum dots

This thesis envisioned to demonstrate the effect of chemical edge functionalization
of GNRs through changes in the transport properties of graphene nanoribbon quan-
tum dots (GNR QDs). Additionally, recent reports of the Kondo effect at 2 K in
GNRs prepared by unzipping carbon nanotubes (CNTs) and mechanical exfoliation
motivated a closer examination of GNR QDs at low temperatures.[190, 191] Up to
now, reports of magnetic field dependent measurements are missing in the literature,
which would allow distinction of Kondo-mediated from other transport mechanisms.
The Kondo effect and the conditions to observe it in QDs will be explained in sec-
tion . The Kondo effect has already been observed in sp?-hybridized carbon
nanomaterials such as CNTs at temperatures of up to several Kelvin.[192] 193] Re-
cently, observation of the Kondo effect was claimed in a controversial publication on
defective graphene, with Kondo temperatures of up to 90 K.[194] [195] [196]

9.1. Single-electron charging behavior

The low-temperature (7' = 1.4 K) transport properties of GNR QDs, GNR devices
prepared with CdSe NWs as etching mask (see section were investigated in a
cryostat, that allows applying magnetic fields of up to B = 12 T. Figure shows
the measured drain current Ip in dependence of the gate-source voltage Vg and
drain-source voltage Vpg of an approximately 20 nm wide and 1.4 pm long GNR.
The color code displays current on a logarithmic scale, with the blue area repre-
senting the region of suppressed current in the Vgg-Vps plane. The occurence of
suppressed current for a limited Vg and Vpg range is similar to the behavior of
a semiconductor whose Fermi level is located in the bandgap. Such bandgap-like
feature is expected for a long GNR, as will be explained below.

By contrast, a series of well distinguishable Coulomb diamonds (CDs) could be
observed around the charge neutrality point for GNRs of reduced lengths (see fig-
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Figure 9.1.: Drain current I (on a logarithmic scale) of a ~20 nm wide and 1.4 pm
long GNR as a function of Vg and Vps (T = 4.2 K).

ure for a ~27 nm wide, but only ~90 nm long GNR device), which comprise
individual QDs.[87, [197] The schematic in figure shows a QD, which is coupled
by tunnel junctions to metallic electrodes (source and drain), and is capacitively
coupled to the gate electrode, which allows to tune the potential on the island.[19§]
The emergence of CDs can be explained by the energy diagram in figure [0.2k. Cur-
rent flow is suppressed, when no QD energy level is within the bias window, which is
called the Coulomb blockade (CB) effect. Current flow is allowed, when a QD charge
state (adjustable by Vi) is within the Vpg window. Moreover, CDs are observable
only for temperatures lower than the energy required for adding an electron to the
island. For the GNR device in figure [0.2h, the size of the CDs is not a periodic
function of Vigg. Their width in Vg direction (AVgg), as well as their height in Vg
direction (AVpg) varies. The largest charging energies (Ec = AVpg) are detected
around the Dirac point. Measurements on several GNRs showed, that the maximum
charging energy increases with decreasing GNR, width, similar to the on/off ratio in
GNR devices at room temperature (see section [7.1]).[83, [84]

A simple model based on CB in disordered systems is able to explain the observed
transport through GNRs by the formation of several QDs along the GNR (see sec-
tion . In this model, the drain-source gap is given as Ec=FEq, (Wg):WLGG_’BWG

(¢ =2 eV nm, 8 = 0.026 nm~1).[85, 86] A short GNR device most likely consists
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Figure 9.2.: (a) Coulomb diamonds in a ~27 nm wide and ~90 nm long GNR at T’
= 1.4 K. (b) Sketch of a quantum dot. The QD is coupled by tunnel
junctions to metallic electrodes (source and drain), while it is coupled
only capacitively to the gate electrode. (c) Illustration of the energy
levels in a QD for the situation of current flow.

of only a few QDs or even a single QD, enabling the observation of individual CDs
(figure 9.2h). The maximum charging energy of ~35 meV for the GNR device in
figure [9.2h agrees well with the theoretical values of ~37 meV obtained by imple-
menting the width of ~27 nm into the above formula.

Transport studies under high magnetic field (B = 12 T) applied perpendicular to
the graphene plane revealed CDs of reduced size (see figure and b). Specifi-
cally, the magnetic field was found to compress the CDs (AVpg, AVgg are smaller),
accompanied by an increase in conductance.[197, 199, 200, 201, 202]. This evolution
of the CDs with magnetic field is attributable to a convergence of the QD energy
levels towards the zero-energy Landau level of graphene.[199)

0.2. Excited states

Lines running parallel to the CD boundaries were observed in direct measurements of
the differential conductance dIp/dVpg using the lock-in technique with a frequency
of 1013 Hz and an amplitude in the range of 50-200 ©V (see figure [9.4). These
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Figure 9.3.: Evolution of Coulomb diamonds with magnetic field in a ~28 nm wide
and ~90 nm long GNR at T =14 K. (a) B=0T, (b) B=12T.

lines arise from tunneling through excited states of the QD (figure [0.4p).[198] The
vertical distance of the lines is a measure for the spacing of quantum confinement
energy levels inside the QD. For the present GNRs, excitation energies of the order
of several meVs (5-10 meV for the device in figure [0.4h) were derived from the
plots.[83, 190, 191, 203}, 204, 205]

0.3. Possible Kondo features

In metallic systems, where magnetic moments from impurities couple anti-ferro-
magnetically to the conduction electrons, spin-flip scattering gives rise to the Kondo
effect, comprising an increase in resistivity with decreasing temperature.[206] The
maximum temperature up to which this effect occurs is called the Kondo temper-
ature. When a QD is more strongly coupled to the electrodes, current flows not
only by sequential resonant tunneling, but also via higher order processes like the
Kondo effect or other co-tunneling processes.[198] Figure schematically depicts
the lowest order co-tunneling process underlying the Kondo effect.[207] A QD with
at least one unpaired electron behaves as a magnetic impurity. In this case, elec-
trons are transmitted through a spin-degenerate state of the QD while suffering a
spin-flip (represented by red arrows).[207, 208] This enhances the conductance at
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Figure 9.4.: (a) Direct measurement of differential conductance dIp/dVpg for the

device in figure measured at T = 1.4 K. (b) Energy level scheme of
a QD, where current can flow not only via the ground state, but also
through an excited state.

zero drain-source voltage, since an additional transport channel becomes available.
In general, the observation of the Kondo effect in a QD requires:

e Low temperature: (a) thermal energy must be lower than the charging en-

ergy: k;BT<%, C' is the capacitance of the QD; (b) lower than the Kondo
temperature T'<Tyx. While T' cannot be further reduced for the present setup,
fulfillment of condition (a) is confirmed by the observation of CDs.

Tunnel contacts: The electron tunneling rate onto and off the dot, T, is a
measure for the coupling of the QD to the electrodes. On the one hand tunnel
contacts are required for the formation of a QD, while on the other hand
sufficient coupling (large I') is required to ensure a sizeable Tx (I'>kpTk).
Good coupling leads to smeared CDs, as observed in figure [9.6]

Small dots: The mean spacing A between excited QD sets an upper limit for

the coupling I'. A is larger for smaller dots. For the present GNRs, A is in
the range of several meV (see figure .
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Figure 9.5.: (a) Lowest order co-tunneling process contributing to the Kondo effect.
(b) Coulomb diamonds in a ~29 nm wide and ~35 nm long GNR at T

= 1.4 K. The scale is different compared to figures and

Figure [9.5b displays transport data gained from a very short GNR. The distance
between the electrodes was decreased below 40 nm. The overall current level was
higher compared to longer GNR devices (figures and . Figure shows
the differential conductance of the same device. The CDs are partially smeared.
The observed resistance of the order of % indicates a good coupling of the metal
electrodes. [87, 209] Of particular interest is the conductance increase at Vpg = 0 mV
(e.g. CD at ~Vgg = 1.1 V, as marked by the blue arrow in figure [9.6p). This fea-
ture could in principle be a signature of the Kondo effect. However, by applying low
magnetic fields (up to 3 T) the zero-bias line did not split into two lines that move
symmetrically away from Vpg = 0, as would be expected for the Kondo effect due

to Zeeman splitting (see figure and c).[208]

In the above experiments, the non-conductive CdSe nanowire was left on top of the
GNR, i.e., the electrical contacts were deposited before graphene etching. Hence, the
metal electrode is connected through the extended graphene to the GNR (see section
7.1.2). As the graphene between the metal electrode and the GNR is gated, this
might decrease the coupling of the GNR QD to the metal electrodes.[208] Therefore,
a different contact configuration was implemented by removing the CdSe before
contact deposition, allowing for a direct contact between the metal electrodes and
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Figure 9.6.: B-field dependent transport measurements of the same device as in fig-
ure[9.5] (a) CDs at B =0 T. Inset: G vs. Vpg at Vgs = 1.1 V. (b) B
=15T.(c) B=30T.

the GNR. However, devices prepared in this manner still showed the same behavior
(in total, 17 GNR devices with varying width and length were characterized). Hence,
the observed conductance increase at Vps = 0 mV cannot originate from the Kondo
effect. The conductance incease around zero bias might instead be explained by
co-tunneling without a spin-flip, interference effects, or Fano resonances associated
with the presence of several transport channels in the constriction.[83] 209]

9.4. Functionalization of graphene nanoribbons

As already mentioned in chapter [§] the chemical termination of the edges of GNRs
can modify the physical properties of GNRs. The following sections present two
different functionalization approaches, which were expected to exert an influence
on the transport properties of GNR QDs at low temperatures. In both cases, the
functionalization was performed directly before loading the sample into the cryostat.

9.4.1. Gas phase approach: Hydrogenation

Room temperature ferromagnetic behavior has been reported for partially hydro-
genated epitaxial graphene.[67] The observed ferromagnetism can be explained by
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Figure 9.7.: (a) Scheme of a hydrogen-terminated GNR zigzag edge with unpaired
electrons. (b) Electrical resistance (on a logarithmic scale) as a function
of Vs for a graphene device before hydrogen plasma treatment (black),
directly after the treatment (red), and after one week (blue), recorded
under ambient condition. (¢) Raman spectrum of the same graphene
monolayer, taken with 633 nm laser wavelength one week after the hy-
rogen plasma treatment. (d) Hydrogen plasma was performed on GNR
devices with CdSe NW left on top.

unpaired electrons created by (partial) hydrogenation. Hydrogen termination of
GNRs has been predicted to be useful for spintronics applications. [68, 69, [70, [71] In
this thesis, a hydrogen plasma source (FEMTO plasma, Diener electronic) was used
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to functionalize GNR edges with hydrogen atoms (see figure [0.7h). Graphene de-
vices were used to determine the optimal parameters of the plasma (power, pressure,
time, position of the sample in the plasma chamber). The sample was placed several
centimeters away from the plasma dicharge zone in order to minimize damage by
energetic ions. A 3 s hydrogen plasma with ~45 W power (the plasma does not
ignite for lower power levels) and 0.4 mbar pressure was found to leave graphene
electrically conductive (see figure ) Such treatment resulted in heavy p-doping
(the position of the Dirac point was higher than Vs = 80 V) and a resistance in-
crease by one to two orders of magnitude (from the k) range to several 10 kSs).
The strong p-doping has been attributed to adsorbed water in reference [45]. After
a few days, the graphene was found to be only slightly p-doped and the resistance
had decreased to a constant value (10 k2 range), 3-5 times larger than before the
plasma treatment. This change may be due to the removal of physisorbed hydrogen
molecules (whereas covalently bonded hydrogen atoms remain on the graphene).
Raman spectra acquired at this stage display a pronounced D- (1323 cm™!) and
D’-line (1621 cm™), in addition to the G- (1586 cm™!) and 2D-line (2640 cm™1)
observed in pristine graphene (see figure and section .

It follows that the hydrogen plasma treatment partially breaks the sp>-configuration
of the hexagonal graphene lattice under formation of C-H sp® bonds.[45] The oc-
curence of a chemical reaction on the plane strongly suggests that hydrogen treat-
ment etches away originally present edge groups, most propably oxygen-containing
functional groups created during the fabrication of the GNRs. According to the-
ory, it is energetically more favourable that carbon edge atoms get bonded to one
or two hydrogen atoms before graphene turns into graphane in the bulk.[210] It is
advantageous to leave the CdSe nanowire etching mask on top for the hydrogen
treatment of GNR devices, as this allows to restrict the reaction to the GNR edges

(see figure [9.74).

The hydrogen plasma treatment left the GNR devices intact. The resistance level
was similar to pristine devices and the position of the Dirac point in general was
slightly (by several Volts) downshifted, but still in the positive gate-source voltage
range. CDs and excited states were similarly observable like for untreated GNRs
(see figure . Measurements under external magnetic B-field showed, that the
position and size of CDs depend on the magnetic field. The changes were similar for
either positive or negative magnetic fields. No hysteretic behavior was observed. It
is concluded, that hydrogen plasma does not introduce a significant spin density, at
least for the present hydrogenation conditions.
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Figure 9.8.: Differential conductance dIp/dVps (on a logarithmic scale) for the de-
vice in figure [9.5] after hydrogen plasma treatment. The measurement
was carried out at 7' = 1.4 K.

9.4.2. Liquid-phase approach: Cobalt ions

As a liquid phase approach for edge functionalization of the GNRs, binding of cobalt
(IT) ions was attempted. A recent theory study has suggested that Co atoms can
be used to engineer the magnetic behavior of the edges of GNRs.[211] In the experi-
ment, a chip with contacted GNRs was immersed in an aqueous solution of 100 mM
cobalt acetate (Sigma-Aldrich) for 10 min, followed by rinsing with deionized water
and blowing dry. This step was performed with both, CdSe NW left on top or CdSe

OH o) OH
o] Co” o]

H.C )I\ oJ, (S=1)
COOH > COOCo*

Figure 9.9.: Envisioned edge functionalization via attachment of Co?* ions to car-
boxylic acid groups at the edge of a GNR.
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removed. The envisioned formation of a COOCo group with spin 1 at the edge is
schematically illustrated in figure

GNRs immersed in Co acetate solution did not show any additional features com-
pared to pristine GNR devices. The resistance level was similar and the position
of the Dirac point was in the positive gate-source voltage range. Depending on
the GNR dimensions, more or less pronounced CDs were observed (see figure [0.10).
Hence, it is concluded, that if a reaction takes place at the GNR edges, the influence
of the functional group on the transport properties is negligigble.

‘o di /dV__ (S)

2.5

5.0

20 25 30 35
Ves (V)

Figure 9.10.: Differential conductance dIp/dVps (on a logarithmic scale) of a
~29 nm wide and ~30 nm long GNR after immersion in an aque-

ous solution of cobalt acetate. The measurement was performed at T’
=14 K.
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10. Summary and outlook

This thesis focused on the fabrication and (opto)electronic properties of graphene
nanoribbons (GNRs). The investigated GNRs were prepared by a top-down ap-
proach using V5,05 nanofibers (NFs) or CdSe nanowires (NWs) as etching mask.
The latter type of mask provided access to narrow GNRs of good structural qual-
ity, as highlighted by a range of different techniques, most prominently scanning
electron microscopy (SEM), transmission electron microscopy (TEM), atomic force
microscopy (AFM), scanning tunneling microscopy (STM), as well as Raman spec-
troscopy. Moreover, electrical transport measurements as a function of temperature
revealed that the GNRs comprise a transport gap whose size scales inversely with
the ribbon width.

Surface enhanced Raman spectroscopy (SERS) on individual, narrow GNRs (width
below 20 nm) was enabled through the attachment of gold nanoparticles. Thus ob-
tained SERS spectra displayed the characteristic features of graphene, including
edge-related peaks. On this basis, it could be concluded that the GNRs com-
prise an electrically inactive edge region with a width below 5 nm. However, no
novel features like the theoretically predicted GNR-specific breathing mode could
be observed. In complementary experiments, the gate-dependent Raman response
of silver nanparticle-decorated graphene was studied with the aim of unraveling the
mechanism underlying the SERS enhancement. The corresponding transfer curves
exhibited electron-hole asymmetry similar to graphene modified by the deposition
of donor or acceptor molecules.[62] A similar asymmetry could be observed in the
Raman spectra, pointing toward the dominance of the electromagnetic vs. chemi-
cal enhancement mechanism. It would be interesting to more thoroughly study its
origin, in particular to clarify whether it arises from a different electron and hole
mobility.[212] This task could be addressed by Hall measurements on such devices.

Furthermore, fast and durable GNR-based memory cells could be realized based
upon the hysteresis in the transfer curves of the devices. The hysteresis was found
to originate from charge trapping by water molecules in the surrounding of the
GNRs and presumably also Si-OH groups on the Si/SiOs substrate, in close cor-
respondence to carbon nanotube (CNT) memory devices. Dynamic pulse response
measurements demonstrated reliable switching between two conductivity states for
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clock frequencies of up to 1 kHz and pulse durations as short as 500 ns for >107 cy-
cles, outperforming CNT-based memory devices by approximately three orders of
magnitude in terms of speed and stability. These characteristics render the GNR
devices prospective for application as static random access memories or nonvolatile
flash memory cells. The retention time may be further improved through appro-
priate device encapsulation and the use of non-volatile, specifically tailored charge
traps instead of surface water. Even very fast memories with clock frequencies that
outperform conventional dynamic random access memories may be accessible by
GNRs with lower resistance.

Scanning photocurrent microscopy on GNRs showed pronounced signals in prox-
imity of the metal contacts, with a magnitude linearly proportional to the electrical
conductance of the nanoribbons. This behavior was attributed to strong local heat-
ing of the GNRs by the laser spot, which leads to the generation of a local voltage
source by the photo-thermoelectric Seebeck effect. It was concluded that the heat
transport capacity of the GNRs is significantly smaller compared to graphene sheets,
a finding which is of relevant for the development of graphene-based optoelectronic
devices wherein the geometrical design plays an important role. For future inves-
tigations, it would be of interest to bring materials with a high Seebeck coefficient
(e.g., a topological insulator like BisSe3) in contact with graphene or GNRs, which
should result in particularly strong photovoltage generation.

Furthermore, it was attempted to chemically functionalize graphene edges with
halogen atoms via a gas phase approach. While pronounced doping could be clearly
observed after exposure of the samples to bromine vapor at elevated temperature,
it was not possible to prove the covalent attachment of bromine atoms to the edges.
The principal feasibility of graphene edge functionalization has very recently been
documented by TEM images of sulfur atoms linked to the edge of GNRs.[213]
It should be emphasized that the successful functionalization in this case could
only be achieved due to protective environment provided by the interior of a CNT,
which enabled the controlled transformation of chemically substituted fullerenes into
nanoribbons. Such conditions are very difficult to attain if the GNRs are necessarily
exposed to ambient during e-beam lithography, and accordingly the realization of
edge-functionalized GNR devices remains a great future challenge.

Finally, in low temperature transport experiments on 20-30 nm wide GNRs with
a small length below 100 nm, well-defined single electron charging behavior could
be observed. Specifically, the observation of very regular Coulomb diamonds in
some of the devices indicated the presence of only a single quantum dot. The
charging energy of the dots was determined to be of the order of a few tens of
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meV. Signatures of tunneling through excited states of the quantum dots could also
be resolved. Moreover, for GNR devices exhibiting a sizable electronic coupling of
the metal contacts, an increased conductance feature around zero source-drain bias
emerged. However, upon application of a magnetic field this feature smeared out,
but did not show Zeeman splitting as would be expected for the Kondo effect. In
addition, only little changes in the transport behavior were observed after treatment
of the GNRs by either hydrogen plasma or the (assumed) attachment of cobalt ions
to their edges. Future strategies to observe the Kondo effect in GNR devices could
involve (i) measurement at further decreased temperature, (ii) better control over the
edge structure and crystallographic orientation of the GNRs, in order to minimize
the influence of localized edge states, or (iii) use of substrates that introduce less
disorder like boron nitride sheets.[24] 204], 214, 215]
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A. Appendix: Photocurrent data of
graphene nanoribbons

Sample We Le | On/off | State | Ippoto R Vehoto | IPhoto/ (W - 1)
(nm) | (um) | ratio (nA) | (kQ) | (mV) (Jm~)
Ti/Aul | 22 | 15 | 12 i ;:Z gzg 01'12 ;(1):553
Ti/Au2 | 165 | 1.7 | 16 ; b2 LR 0 =2
Ti/Au3 | 20 | 1.65 | 11 ; 01.653 3533500 02"&313 fi;
Ti/Aud | 17 | 1.85 | 11 ; 09685 ;288 (1):2 13:3
Cr/Pd1 | 205 | 315 | 13 ; ;2 411?18 01'.645 2:%
Cr/Pd2 | 14 | 14 | 20 ; ﬁl 1352500 01'.778 gif
CyPds | 0 | 14| W e s
Table A.1.: Photocurrent, resistance, and calculated photovoltage values for a series

of GNRs contacted either by 20 nm Ti 4+ 20 nm Au or 2 nm Cr + 40 nm
Pd. Measurements were performed at Vg = -30 V in the p-type regime,
and at Vgg = +30 V in the n-type regime.
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Appendix: Abbreviations

AFM: atomic force microscope
BLM: breathing-like mode

CB: Coulomb blockade

CCD: charge coupled device

CD: Coulomb diamond

CM: chemical mechanism

CNT: carbon nanotube

CT: charge transfer

DI: deionized

DR: double resonance

EBL: electron-beam lithography
EM: electromagnetic mechanism
FET: field-effect transistor

FWHM: full width at half maximum
GNR: graphene nanoribbon

HOPG: highly oriented pyrolitic graphite
IBE: ion-beam etching

NF': nanofiber

NW: nanowire

NP: nanoparticle
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QD: quantum dot

RIE: reactive ion etching

SE: secondary electron

SEM: scanning electron microscope

SERS: surface enhanced Raman spectroscopy
SPCM: scanning photocurrent microscope
SPR: surface plasmon resonance

STM: scanning tunneling microcsocope
TEM: transmission electron microscope
TOPO: trioctylphosphine oxide

UHV: ultra-high vacuum



C. Appendix: Publications

e E. U. Stiitzel, M. Burghard, K. Kern, F. Traversi, F. Nichele, and R. Sor-
dan. A graphene nanoribbon memory cell. Small, 6(24):2822-2825, 2010. doi:
10.1002/smll.201000854.

e E. U. Stiitzel, T. Dufaux, A. Sagar, S. Rauschenbach, K. Balasubramanian,
M. Burghard, and K. Kern. Spatially resolved photocurrents in graphene
nanoribbons. Applied Physics Letters, 102(4):043106-1-5, 2013.

e C. Cervetti, A. Cornia, F. Luis, E. U. Stiitzel, S. Rauschenbach, M. Dressel, K.
Kern, M. Burghard, and L. Bogani. Surface-dependent assembly and stimuli-
driven reorganization in magnetic graphene hybrids. In preparation.
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