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of graphene nanoribbons

by Dominik LUTHI

Atomically-precise graphene nanoribbons (GNRs) have gained increasing interest
over the recent years due to their tuneable band gap dependent on the width of
the GNRs. With the aim to integrate 9-armchair graphene nanoribbons (9-AGNRs)
grown at low density on Au(788) into switching devices, it is required to transfer
them from the catalytic gold surface to the insulating device substrate, generally
leading to a low device yield and defects within the GNRs.

In this work, the growth of Poly(para-phenylene) (PPP) on Au(788) is studied with
scanning tunneling microscopy (STM) and Raman spectroscopy, showing a promis-
ing potential for edge-passivation on vicinal surfaces due to its preferential growth
along the Au(788) step-edges. Our study shows that it is possible to grow 9-AGNRs
on Au(788) edge-passivated with PPP by gradual deposition and growth of the pre-
cursors. Investigating the growth statistics of low surface coverage 9-AGNRs grown
on both PPP-passivated and unpassivated surfaces, we observe that the presence
of PPP promotes the growth of GNRs away from the step-edge with an increased
average length. Preliminary investigations on the transfer of these samples point
towards increased alignment for 9-AGNRs grown together with PPD, even though
the observed broadening in the Raman spectra point towards non-uniform transfer.
Optimization of the edge-passivation process on vicinal surfaces could be the gate-
way to achieve improved transfer of highly aligned 9-AGNRs grown at low density,
ultimately leading to an enhancement in the performance of GNR-based devices.
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Chapter 1

Introduction

1.1 Graphene and its properties

Over the last two decades, the discoveries of the outstanding properties of graphene
generated huge interest towards its research and applications. The subsequent ad-
vancements in science and technology lead to the pioneers of the field, Andre Geim
and Konstantin Novoselov, winning the Nobel Prize in physics for their exceptional
research. [1]

Graphene consists of an extended sp?-system of carbon atoms first synthesized and
characterized in 2004. [2] Due to the confinement of electrons within the result-
ing planar sheet of graphene, its dimensionality reduces to 2D, yielding exciting
electronic properties. [3] Graphene is a transparent conductor [4] with extraordi-
narily high thermal and electrical conductivity. On this basis, graphene represents
a promising material for implementations in technology. [5] Moreover, the strech-
ability and ultimate tensile strength (considerably stronger than steel) make it an
exciting material for applications in the construction industry. [6, 7, 8]

Graphene is closely related to the most abundant form of carbon, graphite, consist-
ing of stacked sheets of graphene. Even though the isolation of a single sheet of
graphene was thought to be impossible initially, eventually the isolation of a single
sheet was achieved by the mechanical exfoliation of graphite which in turn allowed
the investigation of graphene’s electrical properties. [9] The electronic structure of
graphene is very distinct from three-dimensional materials. The 2D hexagonal peri-
odic lattice modifies the band structure such that the Fermi surface is characterized
by six double cones as seen in Figure 1.1. [10]

In graphene, it is considered that 2s orbital and two 2p orbitals of each carbon atom
are hybridized to form an s-band filled by 3/4 of valence electrons of the carbon

FIGURE 1.1: Energy dispersion relations of graphene. Inset shows
the energy dispersion relations along the high symmetry axes near
the Dirac point. [10]
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atoms. The remaining valence electrons fill the orthogonal p, orbitals. Thus, the oc-
cupied electronic states with the highest energy (Fermi energy) in graphene are thus
well described by the p, orbitals interacting with each other in the honeycomb lat-
tice. [11] The energy of the r-band E of graphene is obtained by the diagonalization
of the Hamiltonian of the system H.

%
~ 0  H*(k)
H= N 1.1

(H (k) 0 ) (D
where H( k) = —v0g( k). 70 is a resonance integral representing the electronic

interaction between nearest neighbor carbon atoms in graphene and g( k) is a res-
onance integral depending on the lattice potential of graphene, the atomic potential
of a carbon atom and the location of the electrons. [11] One obtains for the energy of
the 7r-band:

Ecv(K) = £70|g(K)| (12)

determining the energy of the conduction and valance band by the change in the
sign. [11, 12]

Figure 1.1 shows a three-dimensional plot of the 77-band energies. As highlighted in
the figure, there are 6 points in the unit cell where the valence and conduction band
meet. This point is denoted the Dirac point. Consequently, graphene is called a zero
gap semiconductor.

In addition, the dispersion relation for electrons and holes is linear around the Dirac
point. Since the effective masses are given by the curvature of the energy bands, this
corresponds to zero effective mass. [13]

1.2 Graphene nanoribbons (GNRs) and its properties

Although the high carrier mobility of graphene makes it a promising material for
electronic applications, the absence of a band gap impedes its use for switching
applications such as field effect transistors (FETs) . [14, 15] Thus, modifications of
graphene towards opening a band gap have achieved increasing attention.

The presence of the band gap permits devices to operate at higher temperature,
voltages and frequencies. In respect to the integration in transistors, an increase
in the band gap allows for a more powerful and energy-efficient performance. [16]
Graphene nanoribbons (GNRs) are thin strips of graphene. Due to the lateral termi-
nation of the periodic lattice, the increased confinement results in a quasi one dimen-
sional ribbon like structure. [17] Electron-electron (e-e) interactions play a dominant
role in GNRs due to their quasi-1D nature and the weak screening, giving rise to an
energy gap. [18]

To visualize the origin of the band gap, we refer to the Fermi energy as a linear
dispersion relation around the Dirac point as follows

E= hvpk (1.3)

with vr the Fermi velocity and k the wave vector. If we assume the GNR in the xy-
plane with the long axis oriented along x, k is discretized in y due to the confinement,
where

nrt
ky=—- n=:+142,. (1.4)
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[20] b: Variation of the band gap of GNR as a function of the width

obtained from first-principles Green’s function calculation within the
GW approximation. [22]

with w the width of the ribbon.
Therefore, using the relation k = \/k,(2 + kyz, we obtain the dispersion relation of

GNRs described as
2
E = +hopy [k + % . (1.5)

and consequently a band gap E, = % is obtained due to the lateral confinement.
[19]

GNRs occur in two possible edge geometries (see Figure 1.2 a), zigzag GNRs (ZGNRs)
and armchair GNRs (AGNRs), yielding very different electronic properties arising
from the altering boundary conditions. [20, 21].

The width dependence of the GNRs with respect to the band gap however is more
complicated than described in equation 1.5. More precisely for AGNRs, the band
gap scales inversely with the ribbon width. AGNRs of the groups of N = 3p + 1 (n
isaninteger) and N = 3p (N here is the width of a particular AGNR) are predicted to
have a stronger dependence on the width than AGNRs of the group of N = 3p + 2.
[22, 23] According to Figure 1.2 b, we see that the order of the band gap energies
follow A3p +1 > A3p > A3p + 2. Moreover, in the case of N = 3p and 3p + 2 AG-
NRs, both HOMO and LUMO show orbital delocalizations along the ribbon length.
Therefore, the band gap changes significantly with increase in ribbon length. [24, 25]

On the other hand, charge-carrier mobilities of AGNRs are predicted to decrease
with the increasing band gap and thus the width has to be fine-tuned accordingly
to achieve an optimal trade-off between the mobility and band gap for the targeted
applications. [26]

Moreover, since the electronic properties of GNRs are strongly reliant on the edge
geometries, defects can dramatically affect the electronic features of the ribbons. [23,
27]

1.3 Fabrication of graphene nanoribbons (GNRs)

1.3.1 Top-down approaches to the synthesis of GNRs

The synthesis of GNRs from graphene was first investigated based on top-down
methods.
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A popular method for the production of GNRs potentially scalable is e-beam lithog-
raphy (EBL), where GNRs are lithographically patterned out of graphene (see Figure
1.3 a). [28] Different kinds of lithographic methods are known such as helium ion
beam lithography, [29] meniscus mask lithography, [30] block copolymer lithogra-
phy, [31] graphene edge lithography, [32] and scanning tunneling microscopy (STM)
lithography. [33] In general, lithographic patterning lacks atomic resolution, induc-
ing edge disorder, dangling bonds and results in high line-edge roughness.

A second approach is the top-down cutting of graphene, graphite or carbon nan-
otubes (CNTs). Figure 1.3 b depicts the synthesis of GNRs directly from cutting
graphene catalyzed by nanoparticles. [34] Other methods incorporate the sono-
chemical unzipping of graphite [35] or the synthesis of GNRs out of CNTs by solution-
or plasma-mediated unzipping, as shown in Figure 1.3 c. [36]

Among the disadvantages of these approaches are the lack of control over the width,
decreased alignment due to the uncertainty of the trajectory along which the nanopar-
ticles etch. [28]

a
iv. Plasma Etch
v. Resist Removal
—-

i. Graphene on Substrate ii. Spincoat Negative Resist iii. Develop Pattern vi. Patterned GNRs
and E-beam Exposure
\\
i. Graphene on Sapphire ii. Nanoparticle-catalyzed Etching iii. Nanoribbon Arrays
c es
i. Carbon Nanotube ii. Unzipping Initiation jii. Unzipping Propagation iv. Unzipped GNR

FIGURE 1.3: GNR fabrication via top-down nanocutting techniques.

a Overview of the main steps to produce GNRs by electron-beam

lithography. b Creation of GNR arrays using nanoparticle-catalyzed

etching of graphene. ¢ Scheme of unzipping CNTs to produce

GNRs. Unzipping can be initiated by catalytic nanoparticles, oxidiz-
ing agents, or plasma. [28]

1.3.2 Bottom-up approaches to the synthesis of GNRs

To reliably use GNRs for applications, it is necessary to have the ability to tailor the
edge geometry and width of the ribbons precisely. It is therefore often advantageous
to perform a bottom-up synthesis, starting from a precursor polymerizing on a sur-
face. In this respect, solution-mediated or surface-assisted synthesis of GNRs has
gained significant attention in recent times.

Solution-mediated polymerization is a fairly accessible tool to synthesize ribbons
reaching lengths over 500 nm [37] and enabling the uniform deposition of GNR films.
[38] However, due to the agglomeration of GNRs occurring during the synthesis,
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isolation of the GNRs is a strenuous task. [39] A recent discovery to overcome this
problem is the incorporation of functional groups at the edges of the GNRs. Since
this edge alteration significantly influences the electronic properties of the GNR, it
is questionable whether these GNRs can be used without compromises in perfor-
mance. [40] In addition, while a reversible attachment of functional groups at the
edges could be exploited to retrieve the unfunctionalized ribbon after isolation, these
functional groups are difficult to remove, further hindering this strategy.

Atomically-precise synthesis of GNRs cat-
alyzed by surfaces is the pioneering method
to achieve selective GNRs. [41] This method
exploits the surface-assisted synthesis of
GNRs from a particular precursor. Thus,
the structure of the molecular precursor pre-
cisely defines the width and edge structure
of the synthesized GNRs, allowing for an
unmatched control of their synthesis. The
high reliability and precision of this method ‘
opens up possibilities in terms of synthesis
of materials with novel electronic properties S
by a smart choice of precursors. [43] A com-
mon property of all precursors are the halo-
genated ends on both sidse of the precur-
sor, which are essential for the polymeriza- FIGURE 1.4: On-surface synthesis of
tion. The problem of the GNR synthesis es- N = 7 armchair graphene nanoribbons
sentially breaks down to an organochemical (7-AGNRs). ~Synthesis steps including
challenge tailoring the monomer unit as de- surface-assisted dehalogenation of DB.BA
. " . monomers, polymer growth by radical
sired. Additionally, this method allows ex- ddition at t ture T+ and surface-
. .. addition at temperature T;, and surface
act control over possible heteroatoms within _.ict0q cyclodehydrogenation at tem-
the GNR by design of the precursor. [44, 45, perature T > Ty [41, 42]
46] However, an upper limit for the size of
the precursors exists, since the molecule has to evaporate upon annealing of the cru-
cible as opposed to decomposition on the surface. [42]
The polymerization is induced by a dehalogenation catalyzed by the metal surface.
The temperature for dehalogenation of the precursor is determined by an interplay
of the used metal substrate [47] and the attached halogen [42, 48]. As an example, on
Au(111) no dehalogenation of the carbon-bromine occurs at room temperature [49],
while Cu(111) shows bond cleavage under these conditions. [50] Additionally, due
to the difference in bonding strength, the halogens of the precursor cleave at higher
temperatures with decreasing size of the ion (Tq, < Ty,,). [47, 48]
To optimize the length of the resulting GNRs, the substrate and the precursor has
to be adjusted such that the dehalogenation temperature T; is in a desirable range.
At Tq the precursors are fully dehalogenated and diffuse freely on the surface while
remaining bound to the surface. Once two of these radicals share the same metal
atom as bonding partner, the coupling of radicals is found to be practically free of
barriers and they polymerize. [51, 52]
Initially, the length increases dramatically with the annealing temperature. How-
ever, the yield of GNR does not linearly increase. At a certain temperature (specific
to the precursor) the length decreases, pointing towards a competitive reaction oc-
curring on the surface, inducing the premature termination of the ribbons. It is as-
sumed to originate from the cyclodehydrogenation starting at around 200 °C. [53]

Precursor monomer ‘Biradical’ intermediate
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As a result, spare hydrogen diffusing on the surface might passivate the precursors,
prohibiting further polymerization of these moieties. [54]

Increase in temperature to the cyclodehydrogenation temperature T, induces dehy-
drogenation of the polymerized precursors. [41] Similarly to Tq, T, depends on the
choice of substrate and the chosen precursor. [52, 55] On Au(111) the dehydrogena-
tion temperature usually is around 400 °C, while it is lower on Cu(111). [53, 56] To
increase the average length of the synthesized ribbons, it is of central importance
that T; and T, are well separated such that the polymerization of the precursors is
not prematurely terminated. [42, 54] The interplay between all these factors shows
that the optimization of surface-assisted GNR growth is a complex task.

1.4 Characterization techniques of graphene nanoribbons (GNRs)

A multitude of characterization techniques aid to study GNRs both in-situ and ex-
situ. The methods used for this thesis are scanning tunneling microscopy (STM) for
characterization of the GNRs synthesized in ultra-high vacuum (UHV) and Raman
spectroscopy for the characterization of GNRs on both conducting and insulating
substrates. In the following, we will first lay out a theoretical description of the
employed methods, following by specific examples on the study of GNRs.

1.4.1 Theoretical aspects of the instrumental methods
Scanning tunneling microscopy

The invention of scanning probe microscopy (SPM) [57] lead to outstanding progress
in a variety of fields from biology, medicine, engineering to physics and chemistry.
SPM enables characterization and manipulation on the atomic scale through near-
field interactions between the investigated sample and the tip of the microscope.
Especially today, with the increasing interest in the development of devices span-
ning over just a few nanometers, SPM is an indispensable tool for a thorough char-
acterization of their properties. Allowing for an atomically precise mapping of solid
surfaces in UHV, SPM can be used to examine the behaviour of molecular structures
and thus may facilitate to monitor for example on-surface chemical reactions, which
further improves the understanding of molecular orbitals and bonding.

The pioneering instrument in this regard was the scanning tunneling microscope
(STM), invented in 1982 by G. Binnig and H. Rohrer. [58] An STM incorporates a
tip, which rasters the surface in a nanometer-sized square. The distance of the tip to
the surface is controlled over the tunneling current, which is a quantum mechanical
effect arising due to ability of particles to diffuse through a potential too steep to
climb classically. In the case of the STM, this potential is induced by the vacuum gap
between the tip and the sample. Hence, the tunneling current flows from the very
last atom of the tip apex to single atoms at the surface, providing atomic resolution.
[59]

The tunneling current is described as

2m®P
h

I(d) = eV -exp(—2 d) (1.6)
where @ is the work function of the metal, V is the applied voltage, e the elementary
charge, m the electron mass, 7 the reduced Planck’s constant and d the tip-sample
distance. [60] This exponential dependence of the tunneling current in regard to the
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tip-sample distance is the origin of the high sensitivity in STM towards imaging of
single atoms. The experimental setup of an STM will further be discussed in Section
2.1.1.

Even though STM provides a detailed understanding of investigated surface, it is a
very local measurement. It is therefore beneficial to combine it with characterization
methods that provide a more global picture of the sample. Moreover, a method is
required that supplements the STM for measurements on insulating surfaces, which
are inaccessible for STM. In this case, Raman spectroscopy can especially be helpful.

Raman spectroscopy

Raman spectroscopy is an optical characterization method to detect vibrations in
atoms or molecules, providing information on chemical structures. [61] It is named
after one of its discoverers, C. V. Raman, who together with K. S. Krishnan observed
a 'new type of radiation" in 1928 [61, 62]. Raman’s discovery was awarded the Nobel
Prize in Physics in 1930. [63] In a Raman spectrometer, a sample is irradiated with a
single wavelength light. When the photons of the light ray interact with the sample,
they either get absorbed or scattered. Each photon carries an energy

hc
E=hf = 3 (1.7)
with /i is Planck’s constant, c is the speed of light and A the wavelength.

When interacting with the sample, the electron cloud of the nuclei of get distorted
to form a short-lived virtual state. Accompanied with the relaxation of the molecule
back to the ground state, the photon re-emitted and might be directed towards the
detector. [64] If nuclear motion (i.e. vibrations) is induced during this scattering
process, energy will be transferred either from the incident photon to the molecule
or from the molecule to the scattered photon. This represents an inelastic scatter-
ing process, causing the energy of the re-emitted photon to differ by one vibrational
quantum (phonon), generally referred to as Raman scattering *. [65]

E

Excited state

Virtual state

Ground state Raman shift (cm)

FIGURE 1.5: Principle of Raman spectroscopy. A light ray leads to

excitation, followed by a decay to a virtual state. The energy differ-

ence between the two states is established as a Raman shift. (Figure
adapted from [66])

Raman scattering only is detectable for vibrations which cause a change in the polar-
izability of the electron cloud, mostly through symmetric vibrations. The character-
istic energy shifts for certain vibrations can be derived from a classical system, where
two neighbouring atoms bonded together in analogy to a "ball and spring" model.

!Details on the origin of this scattering process are discussed in the Appendix (Section A.1.1)
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While the spring represents the bonds between the atoms, the balls represent the
atoms. The stronger the bonds are, the higher the frequency of vibration and the
heavier the atoms are, the lower the frequency of vibration. Thus, the frequency of
vibration obeys Hooke’s law

V= L /K . (1.8)
2rte \| U

Here, v is the frequency of vibration, c is the speed of light, K is the force constant
of the bond between two neighbouring atoms and y the reduced mass. [64, 67] The
characteristic vibrations are mainly reflected through these specific combinations of
bond strength K and the masses of the atoms involved in the vibrations. Since every
bond has a specific frequency of vibration, backbones of molecules can be easily
determined with Raman spectroscopy.

1.4.2 Characterization of GNRs

A variety of techniques are used to characterize the GNRs. Generally, multiple
methods (transmission electron microscopy (TEM) [68, 69], scanning tunneling mi-
croscopy (STM) [58], ultraviolet—visible spectroscopy (UV-VIS) [70], Raman spec-
troscopy [62]) can be employed to get a profound assessment of the length and pos-
sible defects within the GNR lattice. Other methods are used to determine more
fundamental physical properties of the GNRs (angle-resolved photoemission spec-
troscopy (ARPES), scanning tunneling spectroscopy (STS)).

Figure 1.6 a and b depict the scanning tunneling microscopy (STM) and non-contact
atomic force microscopy (nc-AFM) images of 9-AGNRs synthesized with on-surface
synthesis starting from the precursor 3,6-dibromo-1,1:2,1- terphenyl (DBTP). [43]
While AFM manages to resolve individual phenyl rings within the framework of
the 9-AGNRs, the STM image represents these ribbons as an extended band of finite
width. Due to the delocalization of the electrons throughout the whole molecule, the
STM can generally not highlight individual phenyl rings. However, defects such as
a missing phenyl rings at the edges are easily recognizable (see Section 3.2.1). Stud-
ies on the height of the GNRs relative to the substrate revealed that they undergo
a planarization after annealing over 350 °C, inducing cyclodehydrogenation. More-
over, since radicals would form organometallic bonds with the surface [71], yielding
a slight downward curvature towards the edges, the images show that these rad-
icals get passivated with hydrogen. In-situ surface-sensitive characterization with
STM allows to probe such chemical reactions and reaction steps by identifying the
chemical bonds and structures formed on the substrate and provides an unmatched
understanding of mechanisms on the molecular scale. [72]

Other methods such as scanning tunneling spectroscopy (STS) [73] or angle-resolved
photoemission spectroscopy (ARPES) [74] are practical tools to gain insights into the
electronic structure of molecules. ARPES measures the energies and emission angles
of the electrons for 9-AGNRs parallely grown on a vicinal surface [21]. Figure 1.6 ¢
shows the ARPES intensity plot as a function of energy (E - Er) and k vector par-
allel to the ribbons. Consequently, the dispersion of the valance band (VB) of the
GNRs is obtained along the axis of the GNRs. Since electron (or hole) energies can
be approximated with a parabolic fit in k-space E = Eg + z%kz’ the effective mass
and VB maximum of the molecule can be determined unambiguously with ARPES.
For 9-AGNRS the VB maximum as Ejp = 0.25 + 0.04eV and an effective mass of
m* = 0.09 = 0.021m,. [43]

STS allows to access occupied and unoccupied electronic states by measuring the
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FIGURE 1.6: a: STM and b: nc-AFM topography of 9-AGNRs on
Au(111). c: ARPES intensity plot as a function of energy (E — Ep)
and k vector parallel to the ribbons. The dashed line represents the fit
of the valence band around the maximum. d: dI/dV spectra recorded
on the edge of a 9-AGNR (red) and on the Au(111) substrate (black).
e: Raman spectrum of 5-AGNRs, highlighting the dominant modes.
f: Low-energy Raman spectra of 5-, 7-, and 9-AGNRs indicating the
dependence of the RBLM on the ribbon width. (adapted from [43],
[76])
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local density of electron states (which is a function of both position and energy).
[75] Figure 1.6 d shows the STS spectrum for individual 9-AGNRs adsorbed on
Au(111). Ribbon related peaks at +1.1 V (empty states) and 0.3 V (occupied states)
were found, yielding a band gap of 1.4 eV for 9-AGNRs.

Raman spectroscopy is advantageous because of its ease of use and ability to mea-
sure on both conducting and insulating substrates. While measurements in-situ with
SPM provide an excellent picture of the molecular structures locally, Raman spec-
troscopy succeeds in characterizing composites on the surface over a larger scale
with a single spectrum, given the peak shifts are well-known for the investigated
molecules.

A spectrum characteristic for graphene nanoribbons is depicted in Figure 1.6. Four
peaks appear in the spectrum, namely the LCM, RBLM, C-H mode overlapping the
D mode, and lastly the G mode [77]. These modes are named in analogy to the ter-
minology used in graphite, graphene, and carbon nanotubes (CNTs). [78, 79] The
G mode around 1590 c¢m ! is present in all sp?-based materials. [80] In the case of
GNRs, it corresponds to an in-plane vibration of all carbon atoms within the frame-
work. [81, 82] The symmetry of the G mode at edge points towards obvious polariza-
tion dependence. [83] Consequently, the intensity of the G mode is usually a useful
measure when determining the polarization dependence to quantify the alignment
of the ribbons (see Section 2.1.2). The C-H mode correlates strongly with the edge
conformation of the GNRs, as it represents the bending modes of the H-passivated C
atoms at the edges. [78, 80] The longitudinal vibrational radial breathing-like mode
(RBLM) aids to determine the width of the GNR. [79, 84, 85] Due to its symmetry, a
change in width of the structure directly correlates with a shift in its Raman peak.
Therefore, since each GNR at a certain width has a unique shift in RBLM [86], the
determination of the Raman shift of this mode allows to directly identify the GNR,
as shown in Figure 1.6 f. Finally, the longitudinal compressive mode (LCM) corre-
sponds to a vibration along the ribbon axis. Similarly to the RBLM, this mode can be
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used to obtain direct information about the structure of the ribbon. Due to the sym-
metry properties of this mode, its Raman shift correlates directly with the length of
the formed GNRs. [80]

1.5 Materials to devices

The gateway for atomically-precise synthesis of GNRs to attain exciting electronic
properties leads to an increasing interest in the integration of these materials to de-
vices. [87]

Building high-performance GNR-based devices not only requires atomically-precise
synthesis, but also a reliable, high yield transfer to bridge the on-surface synthesis
of the GNRs with the targeted electronic device.

Due to their robustness and ambient stability, armchair GNRs are so far the only
class of GNRs that has been transferred and integrated into devices. 5-, 7- and 9-
AGNRs were transferred using wet-transfer methods [80, 88] and integrated into
devices with both metallic and graphene electrodes. 7-AGNRs integrated between
two metallic contacts showed high Schottky barrier at the contacts, on-currents were
found to be limited to tens of pA to a few nA due to the large bandgap of the 7-AGNR
(2.3 eV measured on Au(111)) [87]. High performance transistors were achieved by
Llinas et al. using 9-AGNRs as channel materials (bandgap of 1.4 eV measured on
Au(111)), observing currents of up to 1 yA and lo,/Iog ratios of 10° [89]. Even
though high performance devices were fabricated using AGNRs, the device yield
is still very limited, around 10 %, due to the lack of alignment of the GNRs when
grown on Au(111). In addition, Ohtomo et al. measured current on high coverage
GNRs perpendicularly transferred to the source and drain channel [90], suggesting
crosstalk between GNRs at high coverage. As the alignment, coverage and length of
the synthesized GNRs (among other factors) influence the final device performance,
the search for optimized growth and transfer of GNRs remains a challenging task
and a thriving field of research.

1.6 Motivation and objectives of this thesis

1.6.1 Motivation of this thesis

When integrating atomically-precise 9-AGNRs synthesized on gold surfaces into de-
vices, the efficiency of the transfer to insulating substrates is crucial towards optimiz-
ing the reliability and performance of the device.

Many factors influence the efficiency of a GNR-based device, amongst ribbon length,
ribbon alignment and the coverage of 9-AGNRs. In the current state, the sample
transfer of the 9-AGNRs has been optimized to provide an optimal template for a
maximized amount of ribbons transferred without destroying their structure. [88]
The transfer is greatly improved for samples with a high coverage of 9-AGNRs, as
the film behaviour in this case is greatly enhanced.

Transport measurements of devices incorporating high coverage 9-AGNRs yield a
strong decrease in single GNR-device efficiency. This decrease arises due to hop-
ping in the transverse direction, inducing a leakage current which in return lowers
the current between source and drain and thus a low coverage with one (or only
few) GNR is expected to improve the device performance. Previous investigations
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however have shown that the transfer at low coverage leads to a significant decrease
in transfer quality, indicated by the decrease in alignment and increased ribbon dam-
age after the transfer. Since the ribbons at low coverage primarily grow on the step-
edge of the vicinal crystal, the transfer is assumed to be worsened due to the strong
adhesion forces towards the edges. Consequently, occupying the step-edge with a
passivator before the growth of the 9-AGNRs could lead to growth of the 9-AGNRs
further away from the step-edge and potentially improve the transfer efficiency.

1.6.2 Objectives of this thesis

The overall goal of this thesis is to evaluate the Poly(para-phenylene) (PPP) as a
potential passivator of the Au(788) step-edge to improve the growth and substrate
transfer of low density aligned 9-AGNRs. Figure 1.7 summarizes the challenges of
transferring GNRs with high (a) and low (b) coverage and the strategy to towards
improving GNR-transfer (c) studied in this thesis. Within this context the specific
objectives of this thesis are:

* To explore the growth and effect of annealing on PPP on vicinal surfaces:
A STM study of PPP at varying coverage aids to understand the growth be-
haviour of PPP. Thermal stability up to the cyclodehydrogenation temperature
of 9-AGNRs (400 °C) is crucial for PPP to be efficient as a passivator, where-
fore it is required to investigate PPP samples exposed to increasing annealing
temperature.

* To investigate the transfer of PPP at varying coverage: As we are working
towards the goal of transferring the GNRs grown together with the passivator
PPP, it is worth exploring the transfer of sole PPP at high and low coverage in
detail with Raman spectroscopy.

* To examine the growth of 9-AGNRs on vicinal surfaces both with and with-
out the passivator PPP: Growth of the 9-AGNRs will be explored on vicinal
surfaces at different coverage. Combined with the studies on the PPD, this al-
lows to set up a growth protocol of 9-AGNRs grown on Au(788) together with
PPP.

* To establish growth statistics of GNRs grown on both passivated and un-
passivated surfaces: A detailed analysis of the growth of 9-AGNRs with and
without PPP the vicinal surface is necessary to understand the influence of PPP
on the growth. Both length and alignment of the GNRs are be investigated.

¢ To study combined 9-AGNR + PPP samples with Raman spectroscopy be-
fore and after transfer: The GNRs will be explored before and after transfer,
focusing on structural integrity and alignment. These studies will be compared
to the investigations of sole 9-AGNR, to understand whether PPP affects the
transfer quality.
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FIGURE 1.7: Transfer of GNRs at varying coverage and the associated
challenges. a: Transfer of high coverage GNRs yield is favourable in
regard to device yield. The device preformance however suffers due
to leakage current. b: Transfer of low coverage GNRs results in a low
yield of GNRs, as they get not transferred reliably. The spacing be-
tween the ribbons is however increased, potentially minimising cur-
rent flow laterally. ¢: Growth of GNRs on surfaces passivated with
PPP could solve the issue. The PPP might act as a placeholder, push-
ing the ribbons outwards. This could in return greatly enhance the
device yield after transfer, while maintaining the desired spacing.
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Chapter 2

Materials and Methods

2.1 Instruments

2.1.1 Scanning tunneling microscopy in Ultra-high vacuum (UHV)

In the following, we focus on the experimental setup of the STM. First, the basic
instrumentation of a conventional STM is discussed. Subsequently, a closer look is
taken at the different functionalities of the chambers. The whole system operates
in ultra-high vacuum (UHV). A more detailed picture of the principles of a UHV
system is provided in the Appendix (see Section A.2.1).

Basic setup of an STM

The standard setup of an STM invokes an atomically sharp tip moving in three di-
mensions across the surface by a piezoelectric scanner. Since the topography of the
surface is obtained by the realization of a constant tunneling current during the scan,
feedback electronics are required to process the signal obtained by the tip-sample
interactions. The distance is recorded by a computer as a function of the position,
yielding the surface topography. A control unit hence always applies the appropri-
ate voltage to the piezodrive for constant tunnel current at constant tunnel voltage.
[91]

Feedback

Sample stage

Amplifier

Tip

Piezo scanner

FIGURE 2.1: a: Scheme of the basic setup of an STM. The tip is point-

ing upwards and can be locked-out such that it hangs only supported

by springs. The current between the tip and sample is directed to-

wards the feedback electronics and the computer, leading back to the

beginning of the circuit through the amplifier with the adjusted volt-

age. b: Photograph of the variable temperature (VT)-STM system
employed in the experiments.
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The operation of an STM at room temperature requires a high thermal stability to
prevent drift during scanning. This extraordinary stability on one hand provided by
the lock out of the STM, on the other hand due to the whole system being assembled
on a table stable. The lock out stage allows the tip to hang freely in space, avoiding
change of the tip-sample distance due to the external mechanical vibration. The prin-
ciple of vibrational isolation in this respect is making the two eigenfrequencies of the
tunneling assembly and the supporting table very different from each other by let-
ting them oscillate independently. [92] The lock-out is achieved with two stages: The
inner stage holds the tip and the sample and it is suspended on three soft springs.
The outer stage contains permanent magnets. Copper plates span the space between
the two stages. Therefore, vibrations will be damped by the dissipation of the eddy
currents that are induced in the copper by the moving magnets. Furthermore, the ta-
ble stable AVI-200-M supporting the STM can provide additional stabilization. The
aim of the table stable is to prevent any possible mechanical disturbances from the
footing of the instrument, employing passive isolation element (stiff metal springs)
and active isolation elements (vibration sensors, control electronics, and actuators).
The performance of the springs is augmented and corrected by the active isolation
component. The piezo accelerometers convert kinetic vibration energy into electri-
cal signals which are transmitted to the control electronics processing the signal,
followed by the sending of a cancellation signal to the actuators. [93] Note that the
tip in the system used is mounted pointing upwards, which is not the case in every
instrument. While various materials are used for STM tips, the tip used for the mea-
surements of this thesis consists of a Pt-Ir alloy.

Variable Temperature Scanning Tunnelling Microscope (VI-STM)

Figure 2.1 shows the Scienta Omicron Variable Temperature Scanning Tunnelling Mi-
croscope (VI-STM) used in this thesis. The whole STM is in UHV and thus is oper-
ated by avoiding air contact. To illustrate the method of operation in further detail,
Figure 2.2 depicts a 2D-scheme of the system, highlighting the major parts of the
instrument. In the following, an overview of this particular VI-STM is given by fo-
cusing on the functionalities of each of its components.

The system is segmented into three main chambers, namely the analysis chamber
(AC), the preparation chamber (PC) and the fast-entry lock chamber (FEL). Gate
valves are placed at the connection points of the chambers in order to prevent gas
flow across the chambers (see Section A.2.1). The purpose of the FEL is to facilitate
the transfer of samples from air into the UHV system, or conversely enable to trans-
fer a sample from inside system to the outside. The preparation chamber is used to
prepare samples in UHYV, specifically the cleaning of samples, molecule deposition
or heating of the surface (see Section 2.3.1). Finally, after preparation the samples
can be measured with the STM in the AC. Additionally, it is worth noting that the
AC usually is slightly lower in pressure ! and thus is the desired location for sample
storage. Samples are stored in a rotatable 2-levelled carousel with 6 slots, adding
up to a total of 12 samples that can be stored simultaneously. Moreover, a gas inlet
into the AC can be applied to cool the system with liquid nitrogen or helium. This
enables measurements at lower temperatures to damp molecular movement.

IThe pressure in the PC is slightly higher due to the sample manipulation that are performed. For
this reason, the two chambers also must be separated by a gate valve.
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FIGURE 2.2: Scheme of the VT-STM setup. The system is segmented
into three chambers: the PC, FEL and AC. Particular parts of use for
sample manipulation are labelled.

The preparation in the PC requires a multitude of components working towards
reliable and precise production of samples within the system. Therefore, in the fol-
lowing these components are discussed in further detail.

Manipulator The manipulator extends across the PC and is used for movement of
the sample in the chamber. The sample is clamped on a sample holder at the end
of the manipulator. Since the manipulator can be moved in x, y, z and 6 direction,
it provides full control of the sample placement and orientation in the PC, essential
to attain the different positions for sample preparation. A heating filament is placed
below the sample stage, which is required for the heating of surface. The heating
current and applied voltage can be adjusted by an external control unit. Temperature
reading of the sample is achieved by a pyrometer pointing through a window at the
end of the PC. A pyrometer allows remote-sensing temperature measurements due
to the amount of thermal radiation emitted by the body according to the Stefan-
Boltzmann law. [94]

Sputter gun A sputter gun is a tool that generates plasma of argon ions Ar* of a
gaseous discharge. Accelerated by an electrical field these ions bombard a target
leading to the sputtering (i.e. ejection into the gas phase) of the target atoms. [95]

6-fold evaporator For molecular deposition in UHYV, the molecules of interest are
transferred into a crucible, which subsequently is introduced over the FEL to the
Knudsen-type 6-fold evaporator. The 6-fold evaporator is an in-house built compo-
nent making the study of molecules more efficient by allowing fast switching be-
tween the crucibles and simultaneous deposition. Up to six crucibles can be stored
in the evaporator. The walls of each crucible holder are perforated with a heating
filament, which can be heated to the desired temperature with an external control
unit. The evaporator is capped with a rotatable cover, the evaporation shutter, with
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a small hole that is used to shut or open the crucible, allowing the molecules to dif-
fuse towards the sample. Proportional-integral-derivative (PID) was used to control
the molecule sublimation temperature.

Quartz crystal microbalance The Quartz crystal microbalance (QCM) is located at
the end of the manipulator. A QCM consists of a quartz crystal and electrodes. Since
quartz experiences the piezoelectric effect [96], it generates mechanical stress resulting
from an applied electric field. In practice, the application of current induces an oscil-
lation of the quartz crystal. The frequency of oscillation is highly sensitive towards
the thickness of the crystal. Consequently, it undergoes a continuous change in fre-
quency as an increasing amount material gets deposited on the surface of the QCM.
[97] This conveniently can be used to determine the amount of molecule deposited
over time and is thus required to adjust the parameters of molecular deposition to
the desired coverage.

2.1.2 Raman spectrometer

Figure 2.3 depicts the WITec Alpha 300R Raman spectrometer used in this thesis. The
system is coupled with three lasers of different excitation wavelength in the visible
and near infrared regime, Aoy = 488 nm, 532 nm and 785 nm. The laser power can
be tuned to optimize the obtained Raman signal (see Section 2.3.4). The beam path
of the 488 nm laser is shown in Figure 2.3, indicating the beam path through the re-
flecting mirror to the sample on the very bottom, causing the beam to further reflect
to the CCDs on top of the tower.

/ DD-CCD
(NIR)
EM-CCD
(VIS)
S
g |
S
I
VHG
e BBt I
F Camera

| White light Ij

o
XY-Stage

FIGURE 2.3: a Photograph of the Raman spectrometer. b Scheme of
the 488 nm laser path within the Raman spectrometer. Specific com-
ponents are labelled specifically. (adapted from [88])

The sample is mounted on a motorized xy-stage, allowing to record spatial Raman
maps by moving the stage relative to the focal point. All samples are introduced
into a vacuum suitcase prior to mounting them on the stage, in order to reduce
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noise and photochemical reactions that can potentially damage the GNRs. Scanning
of the samples with nanometer resolution is achieved with a piezo stage. When
entering the system, each laser passes a shutter (S) that blocks the laser during idle
times. Additionally, to tune the polarization of the laser for polarization dependent
measurements (see Section 2.3.4), a half-wave plate is used. Wavelength selective
optics (VHG) block Rayleigh scattered light, which are designed to transmit most
wavelengths with little intensity loss. Mirrors (M) are used to deflect the laser on
the vertical path towards the sample. The laser is focused on the sample by passing
an objective (O). Different lenses are available, providing a different magnification
in the range from 10x to 100x. The light scattered by the sample is collected by the
same length and directed back on the vertical path upwards towards the CCD. Note
that for the visible wavelength range lasers (excitation with A, = 488 nm, 532 nm)
a different CCD is used, as opposed to the near infrared laser (excitation A,y = 785
nm). [88]

2.2 Materials

2.2.1 Single crystals

Au(111) Figure 2.4 shows the surface of a cleaned Au(111) crystal. The surface
of an Au(111) crystal is flat, with exception of a pair of channels running over the
surface. This is called the herringbone reconstruction. It is caused by an energetically
favourable reorientation of gold atoms on the surface, resulting in parallel channels
of a hexagonal close packed lattice (hcp), spanning over the entire surface, while the
bulk Au(111) naturally is fcc reconstructed. [98, 99]

Au(788) Au(788) is an example of a vicinal crystal, which in contrast to the flat
Au(111) surface consists of terraces and steps. Such a crystal is fabricated by polish-
ing the Au(111) crystal in an angle relative to the (111)-direction. The terraces are
segmented an alternating areas with fcc and hcp reconstruction. Thus, when look-
ing at the surface of Au(788) (see Figure 2.4) pairs of stripes with alternating contrast
appear perpendicular to the running direction of the terraces. [100]

Au(111) Au(788)

FIGURE 2.4: a: Surface of a clean Au(111) on mica substrate. b: Sur-
face of a clean Au(788) crystal. The crystalographic on both substrates
are indicated. Bias voltage: -1.5 V. Current: 30 pA.
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2.2.2 Raman optimized (RO) substrate

To monitor the stability of the GNRs and the quality of the transfer, it is important to
be able to perform characterization on the final substrate used for the devices. How-
ever, preliminary experiments of GNRs transferred directly to a Si/SiO, substrate
have shown that the Raman background of the silicon overlaps with the vibrational
modes of GNRs crucial for their assessment. A Raman optimized (RO) substrate was
developed [88] with the aim to eliminate the silicon background with a particular ar-
rangement of inorganic layers, ultimately enhancing the Raman signal of the GNRs.
The RO substrate is fabricated with atomic layer deposition (ALD)-grown Al-oxide
layer on 80-90 nm thick Ti-Au/Pt source-drain contracting pads on a supporting sil-
icon substrate. Additionally, the silicon might act as an optional gate.

To enhance the interference effect, Raman spectroscopy on a series of substrates with
verifying oxide thickness was performed, revealing an oxide thickness of 40 nm to be
optimal for maximizing the Raman intensity. However, technically the oxide thick-
ness could be adapted to a particular wavelength only according to Bragg’s law of
interference, which provides even further enhancement as high as 120 with respect
to standard Si/SiO; substrates. [88]

Top

Side

Al,O,

~ Ti-Au/Pt
Sio,

FIGURE 2.5: a: Picture of the transferred ribbons with a PMMA layer

(see Section 2.3.3). Each pair of adjacent squares represents a device

contact for the transport measurements. b: Scheme of arrangement of

layers RO substrate. Raman spectroscopy is performed on top of the
AlyOs3 layer, providing signal enhancement.

2.2.3 Investigated molecules

Figure 2.6 depicts the two precursors used for this experiment.

The precursor 4,4”-Dibromo-p-terphenyl DBTP 1a is evaporated onto a gold crystal
at a crucible temperature of 102 °C. Upon annealing (see Section 2.3.1) on the gold
surface, the molecule polymerizes into Poly(p-phenylene) (PPP) 1b.

The precursor 3’,6’-diiodo-1,1":2",1”-terphenyl DITP 2a is evaporated onto a gold
crystal at a crucible temperature of 67 °C. The target ribbon 9-armchair graphene
nanoribbon (9-AGNR) 2¢ is formed with a two-step annealing process of the precur-
sors (see Section 2.3.1) over the intermediate 2b.

The time of deposition for each species is varied to get the desired coverage deter-
mined by the QCM and STM measurements.
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FIGURE 2.6: Molecular precursors and structure of the formed rib-

bons. Row 1: The formation of PPP starting from the precursor 4,4”-

Dibromo-p-terphenyl with a one-step annealing process on gold. 2:

Synthesis of 9-AGNR using 3’,6’-diiodo-1,1":2",1”-terphenyl two-step
annealing process on gold.

2.3 Methods

2.3.1 Sample preparation
Sputtering and annealing

A well-cleaned crystal sets the groundwork for sample preparation. The necessity to
remove adsorbates and smoothen the surface grants a more uniform and controlled
deposition of the investigated molecules. The crystals are cleaned by performing
repeated cycles of sputtering and annealing in UHV.

During sputtering, particles on the surface of a solid material are ejected by bom-
bardment of highly energetic argon ions under application of a high voltage. The
ejected particles enter their gaseous phase and get absorbed by the molecular pumps.
The Ar* flow is moderately increased until the pressure in the chamber is in the
range of 10 mbar. The sputtering efficiency is optimal if the argon ions are acceler-
ated in a voltage around 650 V, while the current is fixed at 6.6 mA at a sputtering
energy of 1.32 kV, as can be tracked by the dedicated control unit.

Remaining adsorbates on the surface are removed by annealing. During annealing,
the crystal gets heated to a elevated temperature to cause desorption of molecules
and reorientation of the surface atoms of the crystal back to its energetic minimum
(i.e. removal of vacancies on the surface). [101] For temperature control, the pyrom-
eter directed to the surface of the sample is used. The voltage is set to 900 V and the
current is gradually increased until the desired temperature is reached. A standard
annealing cycle for Au(788) is 420 °C for 15 min.

Molecule deposition

Reproducibility and the ability to control the coverage down to the submonolayer
regime are key to UHV experiments. Precise deposition is achieved by sublimat-
ing the molecules of interest from its crucible in the 6-fold evaporator on the clean
crystal. Prior to deposition of a new molecule, the deposition rate is probed with
the QCM. The QCM then provides the deposition time necessary to get the desired
coverage at a fixed sublimation temperature. In order to stabilize the deposition
rate, the crucible is heated at the sublimation temperature for 7 min with a closed
shutter, before opening the shutter and initialize the deposition. Since adsorption is
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facilitated on cold surfaces, deposition on samples is normally performed at room
temperature.

Annealing

The deposited molecules are only precursors, thus requiring an additional step for
the formation of ribbons. For these precursors, the polymerization and cyclodehy-
drogenation is initiated by heat. Thus, subsequent to the deposition, the samples
have to be annealed at set temperatures. For the formation of PPP and 9-AGNR,
different annealing temperatures are used to form the ribbons (see Section 1.3.2)

* The formation of the PPP is achieved by annealing at 250 °C for at least 10
minutes (for dehalogenation and polymerization).

¢ The formation of 9-AGNR is achieved with a two-step annealing process at 200
°C for 10 min (for dehalogenation and polymerization) and 400 °C for 10 min
(for dehydrogenation and the formation of the ribbons).

Sample Cleaning On-surface synthesis Imaging

Sputtering || Annealing | [| | Molecule || Annealing| —| |STM
deposition

FIGURE 2.7: Scheme of the procedure for sample preparation and
measurement in UHV.

2.3.2 Measurement with STM

Prior to the measurement, the sample is clamped upside down on the sample stage
because the tip approaches from below. Subsequently, the tip is locked out such that
it hangs freely from the supporting springs.

Using a camera, the tip is manually brought close to the sample surface employing a
coarse motion control unit. For topological measurements, the Matrix SPM software
is used. The exact approach is initiated with Matrix, following a stepwise movement
of the tip while constantly measuring the current through the feedback electronics.
Once the tunneling current between the tip and sample is raised, the approach stops
automatically and the measurement can be started.

2.3.3 Transfer to Raman optimized (RO) substrates

The growth substrate Au(788) provides an optimal template for the aligned growth
of ribbons. For the ensuing transfer to the RO substrate, the electrochemical de-
lamination method is used. The first step is spin coating (2500 rpm for 40 s, four
layers) PMMA on the Au(788) crystal with the synthesized ribbons [102], which acts
as a support layer during the transfer. This support layer stabilizes the ribbons just
enough to prevent major damage during the delamination but is however not too
stiff to impede the delamination. Then, the PMMA is cured in the oven at 80 °C for
10 min. To remove the PMMA at the crystal edges, the sample is exposed to UV
radiation for 80 min with subsequent development in water/isopropanol for 3 min.
This process reduces the delamination time (down to 45 s), thus further minimizing
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damaging of the ribbons during the process.

The delamination is performed in an electrochemical cell with a carbon rod anode
and the GNR/Au(788) sample as cathode, in a 1 M NaOH bath as electrolyte. A volt-
age of 5 V is applied at a current of 0.2 A, causing the formation of hydrogen bubbles
between the PMMA+GNR/PPP (or PMMA+GNR) layer and the growth substrate.
Once the edges of the PMMA+GNR/PPP layer start to peel off, the whole film can
be peeled off with a tweezer in a water bath. Subsequently, the film can be trans-
ferred onto the RO substrate. In the next step, the transferred sample is annealed
at 80 °C for 10 min, followed by 110 °C for 20 min, leading to an increase in adhe-
sion between the substrate and the PMMA+GNR/PPP layer. To remove the PMMA,
the sample is dissolved in acetone (15 min). Finally, the remaining GNR/PPP RO
substrate is rinsed with ethanol and ultrapure water. [88]

GNRs/PPP

N\
I_:,/ Au(788) Carbon rod (anode) _

Sample (cathode)

I spin coat PMMA 80 °C/110°C
EtOH/water

:\ PMMA -
curing at 80 °C Transfer to
water/isopropanol ) L RO substrate
Electrochemical delamination at 5V, 0.2 A

FIGURE 2.8: Scheme of the procedure for the electrochemical delami-
nation method of GNRs from its growth substrate to the Raman opti-
mized substrate.

Annealing at ‘

2.3.4 Characterization of nanoribbons with Raman spectroscopy
Adaptation of measurement parameters

Investigation of novel samples with Raman spectroscopy requires the optimization
of the measurement parameters in order to get a favourable signal intensity. Since
each sample potentially has highly individual properties it is beneficial to adapt the
measurement parameters whenever a new material is investigated or the coverage
is altered significantly.

Laser wavelength According to the optical bandgap of the investigated material
different lasers could enhance the signal accordingly. In addition, for a given sample
certain modes can be highly sensitive to the laser used. Three different lasers are
available, namely 488 nm, 532 nm and 785 nm. To ensure that no modes are missed
during the characterization, each sample is investigated with all the available lasers.

Z-distance The coarse positioning of the distance between the sample and the lens
in the Z-axis during the calibration process generally has to be further optimized. Z-
line spectroscopy is an automatic process, during which the system performs a series
of scans at different Z-positions altered by 1 ym around the previously set height.
This allows the system to be accurately calibrated to the Z-position of highest G-peak
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intensity. In the example in Figure 2.9 a the signal intensity peaks at AZ around 12
um.

Laser power Often the signal can be further enhanced by increasing the power
of the applied laser. However, contrary to the expectation that an increase in laser
power always correlates with an increase in signal intensity, the risk of damaging
the sample has to be taken into account with high laser powers. This is especially
important for the higher energy lasers (488 nm and 532 nm), while the samples usu-
ally are less prone to damage with the 785 nm laser. The laser power was optimized
for each sample and varied from 5 mW to 10 mW (488 nm laser), 10 mW to 20 mW
(532 nm laser) and 40 mW (785 nm laser).

Integration time Similarly to the laser power, the selection of the integration time
also requires to find a balance between signal intensity and minimizing the risk of
irradiation damage. This parameter reflects the time the CCD collects light. A longer
integration time results in increased signal acquisition, inherently increasing the sig-
nal intensity. However, as a consequence the sample is constantly exposed to light
during the integration time, potentially leading to damaging of the sample. The
integration time was optimized for each sample and varied from 1 s to 20 s.

Intensity of G-peak| b |— 1omw c|—1s |
——40mwW ——55s l
— 70 MW —10s
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Z-Distance [um] Wavenumber [1/cm] Wavenumber [1/cm]

FIGURE 2.9: a Z-line spectrum of the sample, recording the intensity
of a selected peak (here G-peak of GNRs at 1598 cm 1) as a func-
tion of the distance of the sample to the lens. b Raman spectra of
PPP annealed at 400 °C measured with the 785 nm laser at varied
laser powers. An increase in intensity with increased laser power
is observed, without any broadening of the peaks, pointing towards
preserved structural integrity due to the measurement in vacuum. c¢
Raman spectra acquired with the 785 nm laser of PPP annealed at 400
°C with different integration times. Similarly, an increase in inten-
sity is observed with increasing integration time, without significant
broadening.

Raman mapping

An additional approach towards preventing burning of the sample as a consequence
of the intense irradiation over time is Raman mapping. In order to attain a more
elaborate characterization of the available samples, Raman spectra are collected over
a multitude of points (usually 5 points per line x 5 lines per image) across a larger
scale area (usually 10 ym x 10 um). The final spectrum therefore is composed of the
average of all the recorded spectra spread over the area of interest. This not only
provides a more accurate large-scale representation of the sample but also prevents
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GNR damage due to the stepwise movement of the laser focus across the sample
surface.

Polarization dependent Raman spectroscopy

As previously established the Raman modes are strongly dependent on the symme-
try and overall geometry of the investigated molecules. Consequently, the polar-
ization direction light incident to the sample strongly influences the intensity of the
observed Raman modes. Moreover, polarization dependent Raman spectroscopy
allows to make conclusions about the alignment of the GNRs due to the parallels
between growth direction and symmetry of the ribbons.

To provide accurate adjustments of the angles without mechanically interfering with
the system by touching the system during the measurements, the polarization direc-
tion of the incident light can be automatically changed through control wheels with
stepper motors. The step size and interval of angles can be adjusted using the dedi-
cated LabView program.

Measurement conditions

The measurements are performed in an in-house built vacuum suitcase lowering
the pressure to 107 mbar because all investigated samples incorporate GNRs which
might undergo a photochemical reaction at certain photon energies when exposed
to air. [103] The samples are measured on a vicinal Au(788) substrate and on a RO
substrate after transfer. All measurements are performed at room temperature.
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Chapter 3

Results and Discussion

3.1 Poly(para-phenylene) (PPP)

Poly(para-phenylene) (PPP) [104] is a nanowire [105] consisting of an extended chain
of conjugated phenyl-rings and can be classified as a GNR wit N = 3. To avoid con-
fusion with wider GNRs studied in this thesis, we however refrain from referring the
PPP to a GNR and instead refer to a PPP wire. In the following, the growth of PPP on
vicinal surfaces will be explored. Additionally, to gain insights on the behaviour of
PPP as a passivator, examinations on the behaviour of the PPP at different annealing
temperatures will be analyzed.

3.1.1 Growth of PPP on Au(788)
Coverage

The growth of PPP on Au(788) was investigated with samples of varying coverages
(i.e. deposition times). The aim is to ultimately gain insights into the growth prop-
erties of the PPP.

PPP is grown in a one-step annealing process. After deposition of the precursor
DBTP (see Section 2.2.3) annealing between 200 °C and 250 °C is expected to induce
complete debromination of the precursor on Au(111). [106] Since the synthesis of
PPP on different substrates yielded comparable debromination temperatures [107],
250 °C was used for the synthesis on Au(788). As seen by the low coverage sample
(crucible temperature: 100 °C, deposition time: 5 min, annealing: 250 °C) in Fig-
ure 3.1 a, PPP exclusively grows along the step-edges at this coverage, indicating
that the precursors preferably diffuse towards the edges of the crystal and subse-
quently polymerize at that location. Gaps in between the PPP wires on Au(788)
are present due to a lack of precursors necessary to further grow and combine into
longer nanowires. Based on this, no wires growing towards the center of the terraces
are observed at this coverage.

Even though the precursor during the process of annealing diffuses freely on the
surface, the formed PPP does not exhibit significant movement at room tempera-
ture and can easily be imaged even at low coverage. However, lower annealing
temperatures of the sample (see Figure A.1 in Appendix A.3.1) exhibited a lot of
movement on the surface, which points towards the diffusion of precursors on the
surface. Thus, the formation of the PPP is concluded to be incomplete since the de-
halogenation temperature was not yet reached. [106, 107]

A noticeable observation of the PPP grown at low coverage is the high degree of di-
rectionality along the terraces because it grows as close to the step-edge as possible if
enough space is available. Note that the growth of PPP exclusively at the step edges
at such low coverage is an essential property of a passivator since it might act as a
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placeholder preventing the growth of other precursors close to the step-edge.

>
>

deposition time

FIGURE 3.1: PPP on Au(788) with increasing coverage. a: PPP grown
with 5 min deposition at 100 °C. Bias voltage: -2 V Current: 30 pA. a*:
Close op of the surface. The blue arrow highlight a PPP wire growing
close to the step-edge. b: PPP grown with 8 min deposition at 100
°C. Bias voltage: -1 V Current: 30 pA. ¢: PPP grown with 12 min
deposition at 100 °C. Bias voltage: 0.2 V Current: 30 pA.

Slightly higher coverage (crucible temperature: 100 °C, deposition time: 8 min, an-
nealing: 250 °C) results in small wires of PPP growing across the terrace (see Figure
3.1b). This arises due to the lack of space at the step-edge once it is completely filled
with PPP. Consequently, the excess of precursors cannot recombine with the PPP at
the step-edge and they recombine with other remaining PPP precursors diffusing
further towards the center of the terrace, resulting in the formation of additional
short PPP wires. These short PPP nanowires however do not preferentially grow in
alignment with the steps due to their short length. But wires can also be observed
growing aligned and towards the center of the terrace. The short length of these
wires mainly arises due to the fact that less precursor is left available on the surface
to polymerize with and hence causes significantly shortening the length.

In regard to PPP acting as a step-edge passivator for directing the growth of 9-
AGNRs towards the center of the terrace, it is apparent that a coverage of PPP
exceeding the coverage of one wire per step might hinder the seamless growth of
longer 9-AGNRs towards the center of the terraces. It is thus crucial that the cover-
age is not exceeding the one PPP wire per step coverage by a large amount.

Figure 3.1 ¢ shows PPP grown at high coverage (crucible temperature: 100 °C, de-
position time: 12 min, annealing: 250 °C). The terraces are now fully occupied with
PPP. A high degree of alignment is observed for this sample, including the wires
growing towards the center of the terrace. Similar observations were made on other
vicinal surfaces. [108] In contrast to the previous sample, the precursor at high cov-
erage diffuses in large excess on the surface and basically fully occupies the surface.
This not only applies for the PPP grown along the step-edge but also the surplus of
precursors. The huge abundance of precursors on the surface results in a recombi-
nation of the totality of precursors into nanowires while annealing. Therefore, the
PPP grows as long as possible with a superior degree of alignment in order to incor-
porate as many of the precursors as possible. This formation with increased length
and maximal alignment is thus energetically favoured.

It is important to note that this coverage is not specific to one deposition time. As
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soon as a full monolayer of precursor is deposited on the surface, additional precur-
sors do not dehalogenation to the polymerization. This is due to the fact that the
PPP requires the gold surface to catalyze the dehalogenation. Adsorbates on top of
the monolayer cannot contribute to the growth of the PPP since they are not located
close enough to the surface and will desorb upon annealing.

Annealing temperature

Besides the growth behaviour, the temperature stability of PPP also plays an essen-
tial role in the quality of these wires as a passivator. In the following, the behaviour
of PPP at temperatures exceeding its polymerization temperature is investigated.
The duration of each annealing step is 10 min. Both high and low coverage sam-
ples were prepared. Stability of PPP at higher temperatures is necessary due to the
increased temperature needed to dehydrogenate the 9-AGNRs. Since this process
occurs at 400 °C, temperature dependence was only examined up to this limit.

High coverage PPP at higher temperatures Figure 3.2 a depicts the PPP sample
grown with high coverage (crucible temperature: 100 °C, deposition time: 10 min,
annealing: 250 °C). Besides the long and highly aligned PPP on top of the terraces
as discussed in Figure 3.1 ¢, the steps show a distinct pattern. Figure 3.2 a* shows
a close up of the steps of the sample annealed at 250 °C. A rippled structure ap-
pears along the steps. Since vicinal surfaces are not in equilibrium, the motion of
the adatoms on the surfaces is strongly influenced by the presence of the steps. [109]
Consequently, the observed pattern could arise from the interaction of mobile atoms
on the surfaces with the top and bottom of the step-edge. [110]. This process, called
step bunching, is strongly influenced by height of the steps. [111, 112] However, since
the PPP does not diffuse at room temperature according to the STM image shown
for example in Figure 3.1 a, this points towards the presence of another species on
the surface. Considering that bromine remains bound to the gold surface up to a
temperature of 300 °C [48], it is suggested that the step bunching is caused by the
bromine atoms yielded from the dehalogenation diffusing on the surface.

The pattern is not observed anymore once a second annealing at a slightly higher
temperature (300 °C) is done (Figure 3.2 b). Thus, no precursors are left to diffuse
on the surface at this temperature, which is in accordance with the experimentally
determined desorption temperature of bromine. [48] Small areas of the blank gold
surface appear, thus providing enough space for the PPP to laterally diffuse after
the bromine desorption. As a result short nanowires appear on the surface, oriented
across the terrace induced through the thermal annealing. In Figure 3.2 b, indeed
a reduction of the degree of alignment compared to Figure 3.2 a is observed as ex-
pected by the presence of the shorter wires.

The structure of the wires is significantly altered as the temperature is raised to 400
°C. Ribbons significantly wider than the PPP appear on the surface. Thus, anneal-
ing at 400 °C provides enough energy for the surface catalyzed fusion of PPP into
wider ribbons, as supported by other investigations [107]. In Section 3.1.2 more elab-
orate prove for the formation of wider GNRs (and thus fusion of PPP) is provided
with Raman spectroscopy. In Figure 3.2 ¢ some 9-AGNRs formed on the surface are
clearly visible as highlighted. Moreover, large bright islands are present on the ter-
races, immediately evident due to the impression of increased coverage compared
to Figure 3.2 b. It is however assumed to be a cause of the tip dragging some shorter
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Temperature

FIGURE 3.2: High coverage PPP grown on Au(788) with gradual in-

crease in annealing temperature. a: High coverage PPP annealed 250

°C. Bias voltage: -0.2 V Current: 30 pA. a*: Close up of the pattern

at the step-edge of a. Bias voltage: -0.5 V Current: 30 pA. b: High

coverage PPP annealed 300 °C. Bias voltage: -2 V Current: 30 pA. c:

High coverage PPP annealed 400 °C. Bias voltage: -1.5 V Current: 30
pA.

structures on certain areas of the surface. Thus, areas with different contrast might
in fact be empty.

To determine whether the annealing temperature significantly influences the passi-
vation process, the effect of annealing of a low coverage (one wire of PPP per step)
has to be investigated, as this represents the target coverage for the sample with
9-AGNR grown together with PPP.

Low coverage PPP at higher temperatures To achieve complete understanding of
the behaviour of PPP at higher temperature, a control sample with a coverage of
exactly one PPP per step-edge was prepared. The aim was to simulate the two step
annealing process of the 9-AGNRs (see Section 2.3.1) without yet growing ribbons
and hence solely analysing the effect of temperature on low coverage PPP.

Figure 3.3 shows identically prepared low coverage samples (crucible temperature:
102 °C, deposition time: 2 min 35 sec, annealing: 250 °C) exposed to different an-
nealing temperatures. It is important to point out that the sample in Figure 3.3 a
is different from the sample shown in both Figure 3.3 b and c. Since the first mea-
surements of the sample were not clear, a second sample depicted in Figure 3.3 a
was prepared with equal conditions. However, it can be seen that the coverage of
PPP in 3.3 a is slightly lower compared to the sample depicted in 3.3 b and ¢ as
can be seen by the gaps between the PPP wires growing along the step-edge. The
duration of each annealing step amounts to 10 min as before. As shown in Figure
3.3 b, an annealing temperature of 200 °C does not significantly influence the com-
position of the PPP structures on the Au(788) surface. As expected, temperatures
below the polymerization temperature of PPP does not facilitate the formation of
fused species. Additionally, even though the prolonged total annealing time gives
the PPP precursors more time to diffuse, the formation of PPP wires occurs rapidly.
The first annealing step (10 min) is sufficient time for the wires to fully recombine
and polymerize at the step-edge, wherefore the annealing step at 200 °C is not ex-
pected to influence the formation of PPP.
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FIGURE 3.3: Low coverage PPP grown on Au(788) with one PPP wire
per step coverage at annealed different temperatures. a: Low cover-
age PPP annealed at 250 °C. Bias voltage: -2.1 V Current: 30 pA, b:
Low coverage PPP annealed at 200 °C. Bias voltage: -2.1 V Current:
30 pA. c: Low coverage PPP annealed at 400 °C. Bias voltage: -2.1 V

Current: 30 pA.

Annealing of low coverage PPP at 400 °C however causes significant changes on the
sample. Comparing Figure 3.3 ¢ with b, annealing at 400 °C induces the formation
of small wires bridging across the terraces. These ribbons appear in varying widths,

suggesting lateral fusion of PPP into
Moreover, while the step-edges in Figure 3.3
b are completely occupied with PPP, gaps ap-
pear within the wires of PPP after anneal-
ing, supporting the claim of PPP diffusing at
higher temperatures. Even though PPP fuses
at 400 °C at this coverage, the majority re-
mains close to the step-edge, wherefore it still
might act as a passivator when GNRs are
grown.

Figure 3.4 shows a close up image after anneal-
ing the sample at 400 °C. The structure high-
lighted with a yellow rectangle may represent a
formed 9-AGNR. However, as can be seen by the
impurities situated at the edges, the tip notably

GNRs at low coverage.

FIGURE 3.4: Close up of the diffused

precursors on the low coverage PPP

sample in Figure 3.3 c¢ after anneal-

ing at 400 °C. Bias voltage: -2.1 V
Current: 30 pA.

drag the precursors across the surface. Consequently, some structures could appear
a bit wider than their actual size, as manifested by the difference in width of the
ribbon towards the left side compared to the right side. On the other hand, this
GNR-like structure could originate from multiple wires of PPP bridging the terrace

as seen directly above the highlighted structure.

To complement the STM measurements, we use Raman spectroscopy for a larger-
scale measurement and to characterize the Raman fingerprints of the PPP annealed

at different coverage and temperatures.



Chapter 3. Results and Discussion 29

3.1.2 Raman spectroscopy of PPP on Au(788)
Raman study of high coverage PPP annealed at high temperatures

In this chapter, the effect of temperature on PPP grown at high coverage on Au(788)
was investigated. Understanding the effect of annealing at higher temperature than
used for the synthesis of PPP is essential, as the temperature for the growth of 9-
AGNRs needs to be raised to 400 °C. Figure 3.5 depicts the three samples that were
prepared for this investigation, starting from a sample of PPP at high coverage (de-
position at 100 °C for 12 min) annealed at 250 °C. The preparation of each sample
was modified by altering annealing protocols as follows:

* a: High coverage PPP (no further annealing after synthesis at 250 °C)
* b: High coverage PPP stepwise annealed ! to 400 °C
* c: High coverage PPP annealed directly to 400 °C in one step

The duration of each annealing step was 10 min.

PPP annealed at 250 °C

FIGURE 3.5: STM images of three samples prepared for Raman spec-

troscopy characterization to investigate effect of temperature on PPP

structure. a: High coverage PPP annealed at 250 °C. Bias voltage: 0.2

V Current: 30 pA. b: High coverage PPP stepwise annealed to 400

°C. -1.5 V Current: 30 pA. c: High coverage PPP directly annealed to
400 °C. Bias voltage: -1 V Current: 30 pA.

Raman spectra of the samples were collected using three lasers: 488 nm, 532 nm and
785 nm. Optimized measurement parameters (see Section 2.3.4) were used in order
to improve the signal-to-noise ratio of the Raman spectra. The recorded spectra for
each laser energy are shown in Figure 3.6. As the PPP can be classified as the nar-
rowest GNR with width N = 3, it is expected that similar peaks arise compared to
Raman spectroscopy of wider GNRs [88, 113, 114] due to the same symmetry. There-
fore, in the following the peaks are referred to the terminology discussed in Section
1.4, as the G, C-H and D modes, and RBLM.

To shorten the nomenclature of the samples, we will in the following refer to the sam-
ples annealed at higher temperatures as PPP stepwise annealed to 400 °C for sample
b in Figure 3.5 and directly annealed at 400 °C for sample ¢ in Figure 3.5. These
samples include an extra annealing step at 250 °C to form the PPP first, followed by
annealing up to 400 °C. The PPP annealed at 250 °C in Figure 3.5 a however was not

IThe temperature thereby was increased gradually in steps of 50 °C (So: 300 °C, 350 °C, 400 °C).
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annealed further after its synthesis.

No Raman signal was obtained with the 785 nm laser for the PPP annealed at 250 °C.
As seen in the STM images for this sample in Figure 3.5, solely PPP is present when
annealing at 250 °C. The absence of signal for exclusively this sample suggests that
this laser is not in resonance with PPP. Since the 785 nm laser has the lowest energy
of the three employed lasers with 1.54 eV, its energy is not sufficient to excite the PPP
that has an optical band gap at 3.6 eV [115]. Based on that, we understand that the
peaks obtained for both samples with PPP annealed to 400 °C correspond to other
structures, such as fused ribbons forming wider GNRs probably with a lower band
gap. The 9-AGNR for example has an optical band gap of around 1 eV [116] and is
in ressonance with the 785 nm laser energy as previously observed by Borin Barin
and Overbeck et al. [80, 88]

All samples exhibit a sharp G peak with every laser. The G peak originates from the
longitudinal and transversal vibrations of all atoms within the sp?>-framework. [76]
All carbon atoms in PPP are sp?-hybridized, wherefore the presence of a G peak is
expected. For the PPP annealed at 250 °C the G mode is oberved at 1600 cm ! for ev-
ery laser. In contrast, the PPP annealed at 400 °C shows a slight redshift, especially
for the 532 nm and 785 nm laser. As a reference, the G peak of 9-AGNR usually is
found around 1596 cm ! [76]. The observed redshift could be a first indication on
the formation of GNRs for the samples annealed at 400 °C. In addition, note that the
spectra acquired with the lower energy 785 nm laser cannot originate from the PPP
because the sample annealed at only 250 °C does not show any signal. The pres-
ence of the G peak for both PPP stepwise and directly annealed to 400 °C show that
structures with an sp?-lattice are formed. Moreover, exclusively for the sample with
PPP directly annealed to 400 °C, the spectra for the 488 nm laser show a small-scaled
peak at 1650 cm 1. Although the origin of this peak in GNRs is not yet understood,
Raman spectroscopy of graphene shows parallels with a D’ mode peak appearing at
1620 cm~! related to the presence of defects within the graphene lattice [117].

Laser: 488 nm Laser: 532 nm Laser: 785 nm

—— Annealed 250 °C 1600 —— Annealed 250 °C 1600 —— Annealed 250 °C

—— Stepwise annealed to 400 °C —— Stepwise annealed to 400 °C —— Stepwise annealed to 400 °C
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FIGURE 3.6: Raman of prepared high coverage PPP samples on

Au(788). Three samples are shown: 1. High coverage PPP annealed

at 250 °C. 2. High coverage PPP stepwise annealed to 400 °C. 3. High
coverage PPP directly annealed to 400 °C.
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The PPP annealed stepwise to 400 °C shows a clear peak in the low wavenumber
range at 456 cm~! well visible with the 532 nm laser. This frequency is in accor-
dance with experimental observation on the RBLM for 6-AGNRs around 460 cm .
[118] As previously discussed, the RBLM corresponds to a vibration of carbon atoms
within the GNR perpendicular to the long axis of the ribbon. While the 9-AGNR
shows a Raman shift located at 314 cm !, the RBLM for the narrower 6-AGNR is
blueshifted, which is in agreement with other experiments on the RBLM shift to-
wards higher wavenumbers with decreasing width of the GNR. [76] In contrast, the
PPP annealed at 250 °C show no corresponding peaks at lower wavenumbers. PPP
directly annealed to 400 °C shows a small-scaled peak almost diminished in the
noise, pointing towards only a sparse formation of wider GNRs. This observation
suggests that the stepwise annealing process of PPP to 400 °C promotes the fusion
of PPP to 6-AGNRs in higher amounts compared to PPP directly annealed to 400 °C.
The main difference between the sample with PPP stepwise annealed to 400 °C and
PPP directly annealed to 400 °C is the annealing time at temperatures above 250 °C
because of the intermediate annealing steps, while the final temperature is the same
for both samples. Prolonged exposure of PPP to temperatures above 250 °C appears
to enhance the amount of fusion.

These observations go in-hand with the STM images shown in Figure 3.5 that indi-
cated formation of wider GNRs for both PPP stepwise and directly annealed to 400
°C. The observations on the formation of GNRs on both PPP stepwise annealed to
400 °C and PPP directly annealed at 400 °C are underpinned by the data acquired
with the 785 nm, showing RBLMs for 6-AGNRs around 460 cm ™! for both samples
annealed at 400 °C. A second peak at 314 cm~! appears for both PPP samples an-
nealed at 400 °C, corresponding to the RBLM of 9-AGNRs. [43] With PPP directly
annealed to 400 °C, the relative intensity between the RBLM of 9-AGNR and the
RBLM of 6-AGNR is much lower compared to PPP stepwise annealed to 400 °C. Al-
though the RBLM of 9-AGNR for PPP directly annealed to 400 °C is hardly visible,
the presence of 9-AGNRs is confirmed by the Raman data after transfer on the RO
substrate in Section 3.1.3.

In addition, as previously concluded by the observations on the lack of signal with
the 785 nm laser for PPP annealed at 250 °C, no RBLMs or other modes at lower
wavenumbers appear for that sample. Supported by the STM data, these observa-
tions prove that the PPP does not fuse at 250 °C.

Figure A.2 in Appendix A.4 also shows the LCM, depending on the length of the

GNRs, for all investigated samples around 107 cm 1.

C-H and D modes between 1200 ¢~ ! and 1350 cm ~! are present in all samples mea-
sured with each laser. Since these modes arise due to the bending of the C-H bonds,
they indicate that in both the PPP annealed at 250 °C and PPP annealed at 400 °C
hydrogen-passivated edges are present.

Comparing the both samples with PPP annealed at 400 °C with PPP annealed at
250 °C, we see that the C-H mode around 1250 cm ™! significantly increases in inten-
sity relative to the D mode. This observation on the increase in C-H mode intensity
with increased annealing temperature is in accordance with the previously reported
observations by Basagni et al. [106]. As indicated by the STM images and the sup-
porting Raman data on the fusion of PPP, it is however not possible without more
elaborate experimental and theoretical investigation to make profound conclusion
on the origin of the differences between these peaks.



Chapter 3. Results and Discussion 32

Summarizing the above observations, the longer annealing time for the sample step-
wise annealed to 400 °C indeed enhances the amount of fusion. The PPP can diffuse
more on the surface and find other PPP wires (or wider GNRs) to fuse with. As seen
by the peaks and supported by STM measurements of the samples seen in Figure
3.5, the higher temperature induces the formation of GNRs for both samples, even if
to a varying extent.

Moreover, it is important to note that the G peak of all spectra of the discussed sam-
ples is very sharp. The lack of broadening indicates that structural integrity of the
structures on the surface is preserved.

Raman study of low coverage PPP

The measurements and analysis of high coverage PPP on gold helped us to gain in-
sights into the Raman peaks of sole PPP and the effect of annealing at 400 °C on the
PPP, manifested by the RBLMs appearing for the samples annealed at higher tem-
peratures.

It is however also necessary to analyse the spectra of low coverage PPP, as this will be
the targeted coverage for the sample with both PPP and 9-AGNR gradually grown
on the Au(788) surface. In this respect, the sample with one PPP per step coverage
annealed at 400 °C was investigated, which corresponds to the same sample that was
already prepared for measurements with STM (see Figure 3.3). Once we achieved
understanding on the peaks of the PPP, the distinction between peaks of PPP and
peaks of 9-AGNRs will more accessible for the combined PPP+9-AGNR sample.

Figure 3.7 shows a comparison between two high coverage PPP samples (PPP an-
nealed at 250 °C and PPP directly annealed at 400 °C 2 from Section 3.1.2) and the low
coverage PPP annealed at 400 °C 2. The intensity of the low coverage PPP measured
with the 488 nm laser is significantly weaker compared to the high coverage PPP
samples. Comparing all samples with the 488 nm laser, we see that high coverage
PPP annealed at 400 °C has the highest signal-to-noise ratio. As already concluded in
Section 3.1.2, the high coverage PPP samples annealed at 400 °C show contributions
of 6- or even 9-AGNRs, leading to further signal enhancement. The low coverage
PPP annealed at 400 °C on the other hand did not yield any signal for the 785 nm
laser, indicating that no detectable amount of GNRs are formed on the gold surface
at low coverage. This is supported by the absence of RLBMs for this sample with
both the 488 nm and 532 nm laser.

Due to the low coverage, the amount of fusion induced by annealing at higher tem-
peratures is lowered. This is reasonable due to the decrease in probability that two
segments of PPP wires meet and fuse at low coverage. The STM images of this sam-
ple (see Figure 3.4) suggest that some tiny ribbons might be formed on the surface.
Although the absence of RBLMs for 6- or 9-AGNRs with the 785 nm laser show that
the formation occurs in minor amounts.

Additionally, as already observed for the high coverage PPP samples, the spectra
acquired with the 532 nm laser is more intense compared to the 488 nm laser for the
low coverage PPP annealed at 400 °C. Therefore, this shows that PPP is more in
resonance with the 532 nm laser.

2A previously mentioned, the term directly annealed denotes that only one additional annealing
step to reach 400 °C was used after initially annealing at 250 °C to synthesize the PPP. Therefore, the
term directly annealed refers to two annealing steps: First at 250 °C, followed by 400 °C
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FIGURE 3.7: Raman spectra of low coverage PPP on Au(788) com-
pared with high coverage PPP annealed at 250 °C and 400 °C on
Au(788).

3.1.3 Raman spectroscopy of PPP transferred to Raman-optimized (RO)
substrate

Raman study of high coverage PPP before and after substrate transfer

Two samples out of Figure 3.5 were selected to be transferred onto a Raman-optimized
(RO) substrate. [88] As the targeted annealing process for the growth of 9-AGNR
involves direct annealing to 400 °C in a single step after annealing at 200 °C, PPP di-
rectly annealed to 400 °C was chosen (see Section 3.1.2) because it also only involves
one additional annealing step to 400 °C after the formation of PPP at 250 °C, there-
fore resembling the annealing protocol for the synthesis of 9-AGNRs. PPP annealed
at 250 °C was used as a reference.

PPP annealed at 250 °C  Figure 3.8 shows the Raman spectra of the high coverage
PPP annealed at 250 °C. In Figure 3.6 and Figure 3.4 it was shown that no notable
amounts of GNRs are present on the gold surface before the transfer. Since a Raman
signal is obtained before and after transfer, it shows that sole PPP is transferable.

A convenient measure of the quality of the transfer is the evolution of peak width
before and after transfer, as the change in width can be related to the presence of
defects in the PPP (and in the fused PPP) or other intercalated molecules due to the
transfer process. Table 3.1 shows the full width half maxima (FWHM) determined
through a Lorentzian fit of the G peak on both substrates. In consideration of the
FWHM of the G peak on Au(788) before transfer and after transfer on RO substrate
shown in Table 3.1, the broadening is not significant since the values before and after
transfer are comparable. Therefore, this points towards a successful transfer of PPP
at high coverage as its structure appears to be widely conserved due to the absence
of noticeable broadening.

Au(788) RO Substrate
488 nm | (19.33 + 0.54) cm—! | (19.60 4 0.81) cm !
532 nm | (17.90 £ 0.41) cm~ T | (17.69 £ 0.96) cm 1

TABLE 3.1: FWHM of the G peak obtained by a Lorentzian fit of the
high coverage PPP sample annealed at 250 °C.
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Because of the weak signal intensity on both substrates, no RBLM is seen even on
the transferred sample, further supporting the claim that GNRs produced from the
fusion of PPP are absent as PPP is only grown at 250 °C. Theoretical work on this
subject predicted a value of around 720 cm~! for the RBLM of PPP [119, 120]. We

did however not detect any modes at this region for all investigated samples.
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FIGURE 3.8: Raman spectra of high coverage PPP annealed at 250
°C and 400 °C on Au(788) before transfer and after transfer onto RO
substrate.

PPP annealed at 400 °C  Figure 3.8 also shows the data acquired for high coverage
PPP annealed at 400 °C before and after substrate transfer. All Raman peaks are
slightly blueshifted as a result of the change in interactions between the PPP and
the RO substrate surface compared to the Au(788) surface. [76] Table 3.2 shows the
FWHM of the G peak before and after substrate transfer for all employed lasers.
With exception of the 785 nm laser, that shows similar FWHM before and after trans-
fer, a remarkable decrease in peak width is observed. In regard to the maximal inten-
sity of the G peak before and after transfer, the RO substrate significantly enhances
the signal strength in the same manner the substrate has been shown to enhance the
Raman intensity of GNRs. [88] These results demonstrate that the transfer of high
coverage PPP annealed at 400 °C is feasible and the transferred structures maintain
their structural integrity.

Au(788) RO Substrate
488 nm | (27.35 £ 1.05) cm—! | (20.69 & 0.59) cm !
532 nm | (22.74 +1.09) cm~ ' | (16.4 +0.29) cm !
785 nm | (16.24 +0.77) cm~! | (16.84 £ 1.29) cm !

TABLE 3.2: FWHM of the G peak obtained by a Lorentzian fit of the
high coverage PPP sample annealed at 400 °C.

A further observation for both the 488 nm and 532 nm laser is the appearance of
the RBLM for 6-AGNR at 451 cm~! (with 488 nm) and 454 cm~! (for 532 nm) after
transfer. Even though no RBLM is visible for the sample directly annealed to 400 °C
on Au(788) before the transfer (see Section 3.1.2), the data of the same sample after
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transfer proves that 6-AGNRs are formed by the one-step annealing of PPP to 400
°C. Using the 785 nm laser is also possible to see the RBLM of the 9-AGNR after
substrate transfer, showing that 9-AGNRs were also formed to some extent.

Due to the strong overlap of the modes within the region of the C-H and D peaks
between 1200 ¢! and 1400 cm 1, individual peaks are difficult to detect. However,
the individual C-H and D modes can be resolved better after the transfer due to the
enhancement of the Raman signal by the RO substrate and the increased signal-to-
noise ratio.

Raman study of low coverage PPP before and after transfer

Figure 3.9 shows the data acquired for the sample with PPP grown at low coverage
annealed at 400 °C. Since this sample as shown in Figure 3.3 is grown with only one
PPP ribbon per terrace, it is of special interest to analyse this sample in regard to
the following experiments. Understanding the peak shapes and shifts of this sam-
ple might aid to make distinctions between the PPP signals and the signals of the
9-AGNR once they are both grown together.
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FIGURE 3.9: PPP at low coverage on Au(788) before transfer and after
transfer onto RO substrate. The spectra for the 488 nm and the 532 nm
laser are shown, while no signal was obtained with the 785 nm laser.

Similar to the observations on Au(788), no signal for the 785 nm laser was observed
after transfer on the RO substrate because of the low amount of formed GNRs. The
Raman spectra indicate an increase in signal intensity for the 488 nm laser after trans-
fer to the RO substrate.

Au(788) RO Substrate
488 nm | (30.46 +3.30) cm~ 1 | (23.53 + 1.31) cm !
532 nm | (27.35 £ 1.41) cm~ ' | (23.47 £ 0.89) cm ™!

TABLE 3.3: FWHM of the G peak obtained by a Lorentzian fit of the
low coverage PPP sample annealed at 400 °C.

The G peak is blueshifted for each laser after transfer due to the change in interaction
between the PPP and the substrate on the RO substrate, as opposed to Au(788).
Referring to the transfer of high coverage PPD, a blueshift was only observed for PPP
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annealed at 400 °C, while PPP annealed at 250 °C showed a redshift. A blueshift
is also observed for the low coverage PPP annealed at 400 °C, suggesting that the
annealing at 400 °C could influence the observed Raman shift.

While the high coverage PPP annealed at 400 °C showed a higher relative intensity
of the C-H relative to the D mode, the opposite is observed on the low coverage PPP
annealed at 400 °C .

Comparison high and low coverage PPP annealed at 400 °C after transfer

Figure 3.10 shows a direct comparison between the high coverage and low coverage
PPP annealed at 400 °C transferred to the RO substrate. This comparison empha-
sizes that no broadening of the G peak is observed, regardless of the coverage. The
high coverage sample shows peaks in the C-H/D area more clearly, especially the
modes at 1244 cm~! and 1358 cm~!. Upon closer inspection, these peaks however
appear also on the low coverage PPP (slightly shifted). The main difference between
for these two samples transferred to the RO substrate is the appearance of the RBLM
of 9-AGNRs only for the high coverage PPP annealed at 400 °C.

Laser: 532 nm

—— High coverage PPP annealed at 400 °C
—— Low coverage PPP annealed at 400 °C G
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FIGURE 3.10: Comparison of the 532 nm laser Raman spectra of low

coverage PPP annealed at 400 °C and high coverage PPP annealed

directly to 400 °C both transferred to the RO substrate. To ensure that

the peaks are not lost due to background subtraction, no background
subtraction was done for these spectra.

Summarizing, we observed that even though diffusion occurs with low coverage
PPP at 400 °C as shown by the STM measurements, significant amount of fusion only
occurs on the high coverage sample. Moreover, we showed that PPP is transferred
at high and low coverage.

The low coverage sample clearly shows high amounts of PPP present at the edges
even after the annealing and thus could still prevent the growth of 9-AGNRs close
to the edges.
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3.2 9-Armchair Graphene Nanoribbons (9-AGNRs)

Following the analysis of the growth and effect of annealing at higher temperatures
of the potential passivator PPD, it is worth examining the growth of 9-AGNR on
Au(788) by itself. Since the properties of 9-AGNRs are well investigated, focus is
laid primarily on the growth of the GNRs and the Raman spectroscopy at varying
coverage. These preliminary investigations are necessary to ultimately understand
the influence of the PPP once they are both grown together on the surface.

3.2.1 Growth of 9-Armchair Graphene Nanoribbons (9-AGNRs) on Au(788)

Figure 3.11 shows 9-AGNRs grown on Au(788) at low (a, b, ¢) and high (d) coverage.
The 9-AGNRs were synthesized with a previously reported [80, 88, 121] two-step
annealing process at 200 °C and 400 °C of the precursor DITP deposited at 67 °C (see
Section 2.2.3). The annealing time for each step was 10 min. The deposition time was
adjusted to optimize the coverage.

Figure 3.11 a depicts a sample with 9-AGNRs grown at coverage close to one 9-
AGNR per step. To obtain this coverage, the precursor had to be deposited for 2.5
min at 67 °C prior to the annealing of the sample at 200 °C (for surface-assisted
deiodization and polymerization) and 400 °C (for dehydrogenation and formation
of the 9-AGNRs). On a first look, the 9-AGNRs not only seem to grow highly aligned
with the step-edge of the Au(788) crystal, but also predominantly grow with a lateral
separation between individual 9-AGNRs. Upon closer examination of the surface,
Figure 3.11 b reveals that GNRs preferably grow along the step-edge first, while the
terraces stay mostly unoccupied towards the center, which causes the inter-ribbon
separation. This occurs due to the electronic structure of vicinal crystals facilitating
adsorption of precursors at this location [122], likewise seen for the PPP as discussed
in Section 3.1.1. The 9-AGNRs grown on the surface thus favourably stay close to
the step-edge at low coverage.

Low coverage

FIGURE 3.11: Growth of 9-AGNRs on Au(788) at high and low cov-
erage. Measurement parameters for all shown images: Bias voltage:
-1.5 V.30 pA. a: Growth of 9-AGNRs on Au(788) at a low coverage of
approximately one 9-AGNR per step. a* Close up image of 9-AGNRs
grown on Au(788). A bite defect is highlighted found within a GNR,
as highlighted by the green square. b: Close up of a with a majority
of long GNRs, showing increased alignment. ¢: Close up of a with a
majority of short GNRs, showing decreased alignment. d 9-AGNRs
grown on Au(788) at high coverage.
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As a consequence, the 9-AGNRs show a high degree of alignment along the direction
of the steps. However, a minority of GNRs are observed that do not follow the step
direction. The alignment of the GNRs strongly correlates with their length. Figures
3.11 b and ¢ show close up images of the low coverage sample shown in Figure 3.11
a. In accordance to the observations on the PPP, the bulkiness of long GNRs prevents
their rotation against the running direction of the terraces, while short GNRs may
occasionally grow across the terrace. Note that the presence of such short ribbons
is widespread, as shown by the GNRs growing out of alignment in the large area
image Figure 3.11 a.

The growth of short GNRs significantly depends on the coverage. If only a low
amount of precursor is deposited, the formation of long GNRs is prevented, hence
leaving behind many short-grown ribbons. The same would happen if a slightly
higher coverage than one GNR per step is found on the surface. Once the edges
are occupied, the growth of the additional GNRs is initiated, which could be prema-
turely terminated if not enough precursors are present on the surface. This follows
exactly the observations on the growth of PPP at varying coverage discussed in Sec-
tion 3.1.1. The comparison of the step-edges between Figure 3.11 b and ¢ indicates
that areas with kinked terraces could influence the growth of the ribbons along the
steps. The growth of ribbons in these areas may be hampered by the slight change
of direction along the step-edge. Consequently, the growth of the GNRs might be
prematurely terminated, resulting in the growth of numerous short ribbons around
these areas.

Moreover, referring to the close up Figure 3.11 inset a*, we see numerous indenta-
tions at the right side of the GNRs. These so-called bite defects [123] reflect a missing
phenyl ring within the GNR. It is assumed these defects arise during the polymer-
ization of the precursor due to an incomplete planarization of the phenyl rings on
the gold surface. If one of the precursors is not completely planar with the gold
surface, this misalignment may result in a desorption of one phenyl ring of the pre-
cursor during the polymerization, leading to the observed bite defects once the GNR
is formed. In contrast, bite defects are entirely absent along the left side of the rib-
bons due to the step-edge of the gold burying the left edge of the GNRs as it reaches
slightly over them.

Figure 3.11 d depicts the surface of Au(788) at high 9-AGNR coverage. Similar to
the case of the PPP at high coverage, the surface is fully occupied with GNRs. The
9-AGNRs grow as close to each other as possible. However, in contrast to the PPP
fusing at 400 °C, the STM data suggests no fusion of 9-AGNRs at this temperature.
This is further confirmed with the Raman study in Section 3.2.3. Although in the
same way the alignment of the GNRs is largely increased due to increased abun-
dance of precursors deposited on the Au(788) surface, there is still a minority of
ribbons growing insufficiently long. The formation of short ribbons at high cov-
erage could originate from a undesired dehalogenation of the precursor inside the
crucible, mostly arising due to thermal stress. Thus, the deposited dehalogenated
precursors cannot recombine with the intact precursors upon annealing, inducing
an early termination of the growth of GNRs.

In summary, the growth of the 9-AGNRs highly resembles the growth of the PPP.
At low coverage, the 9-AGNRs preferably grow along the step-edge and the length
of the GNRs can be tuned by adapting the deposition time. The longer the GNRs
grow, the higher the degree of alignment, which was equally observed with the PPP
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samples. Additionally, at full coverage of the surface (1 monolayer) the alignment
and length of the GNRs is optimized.

The similarities in the growth behaviour of PPP and 9-AGNRs is a promising indi-
cation that the edge-passivation of Au(788) with PPP is worth exploring because the
passivator PPP needs to mimic the growth of the 9-AGNRs at low coverage. Since
they share these properties, this might ultimately influence their growth and hence
it remains exciting to explore.

3.2.2 Growth Statistics of 9-Armchair Graphene Nanoribbons (9-AGNRs)
on Au(788)

Figure 3.12 a shows the sample prepared at the desired one 9-AGNR per step cover-
age. The sample was prepared by deposition of DITP at 67 °C for 3 min , followed
by annealing a two-step annealing at 200 °C and 400 °C for 10 min each step.

FIGURE 3.12: a: Image of the low coverage 9-AGNRs grown on
Au(788) used for the growth statistics. A ribbon growing along the
step-edge is highlighted with a yellow arrow. Bias voltage: -1.8 V.
Current: 30 pA. b: Close up image of a similar sample at a slightly
higher coverage. The two types of ribbons are highlighted: A GNR
growing along the step-edge is highlighted in yellow and a GNR
growing on top of the terrace is highlighted in blue. Bias voltage:
-2.1 V. Current: 30 pA.

In comparison to Figure 3.11 the GNRs are less conspicuous because of an alteration
in the tip. For that reason, a close up image of a similarly prepared sample is shown
in Figure 3.12 b. As no close up images were taken for the sample in Figure 3.12 a
used for the statistics, a previously prepared sample was taken as a reference. The
deposition time for the preparation of this sample was slightly altered at 3 min 30 sec
at a crucible temperature of 67 °C. Figure 3.12 b shows the growth of long 9-AGNRs
along the step-edge. Even though the difference in contrast between the GNRs lo-
cated close to the edges and the Au(788) terraces is low, the presence of bite defects
helps to make a distinction between the gold surface and the GNRs. Moreover, the
zoom-in image (Figure 3.12 b) reveals that there is a tiny gap between the edges and
the GNRs.

Note that GNRs growing along the edges can be easily distinguished from the GNRs
on the terraces due to the difference in contrast. While the ribbons along the edges
are darker, the ribbons on the terraces appear brighter. To facilitate accumulation of
the data for the growth statistics, the GNRs are classified into two groups: First, the
GNRs growing along the step-edge (dark contrast) and second the GNRs growing on
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top of the terrace (bright contrast). This distinction will help to quantify the growth
of the GNRs on the Au(788) surface. In Figure 3.12 b, the two types of GNRs are
highlighted in different colors. The 9-AGNR growing along the step-edge is high-
lighted in yellow, while the 9-AGNR growing on top of the terrace is highlighted in
blue.

In the following, the length of the ribbons for each group was counted from a set of
55 images. Note that the maximum length of the ribbons is restricted to the size of
the image. Ribbons larger than 90 nm cannot fully be measured due to the size of the
collected images scaled to 90 nm?. GNRs growing out of the borders of the images
were only considered if they exceed a length of 20 nm. GNRs growing out of the
image range at a length below 20 nm were neglected.
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FIGURE 3.13: Growth statistics of 9-AGNR on Au(788) for a one 9-

AGNR per step coverage. Row a Distribution of length of the ribbons

either located towards the middle of the terraces or along the step-

edge. The red line marks the average length of the GNRs of each

group. Row b Angle distribution of the ribbons growing on the ter-
races compared to the ribbons growing along the edges.

The obtained statistics for the length distribution of the 9-AGNRs are shown in Fig-
ure 3.13 in Row a. At low coverage, the amount of GNRs growing along the steps is
dominant. This is supported by the STM images as more ribbons with dark contrast
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are present as opposed to ribbons with a bright contrast.

Additionally, the two groups show a significant difference in length. The histograms
in Figure 3.13 a list the number of 9-AGNRs, for both grown on the steps and on the
terraces, counted at a specific length. For GNRs growing on the terraces at this spe-
cific coverage, the distribution is leaning towards shorter length. Few GNRs are
found to be as long as 42 nm and hence are growing along the direction of the ter-
races. The red bar in the histogram indicates the calculated average length of the
9-AGNRs, which is around 6 nm. Considering the device integration, in order to im-
plement the GNRs into a device, the ribbons would have to be at least 20 nm long in
order to bridge the device contacts. The data thus shows that these ribbons growing
on top of the terrace are generally not able to bridge the contacts since only 1.4 % of
all GNRs in this group are longer than 20 nm and consequently will not interfere the
performance of the device.

The length distribution of the GNRs growing along the step-edge shifts towards a
bimodal right skewed distribution with an average length of 28 nm. For this group
of GNRs growing along the step-edge, GNRs with a length below 10 nm are quite
seldom. Moreover, few GNRs span the whole image, reaching a length up to 90 nm
(and would in reality be even longer). However, as highlighted by the histogram,
the vast majority of GNRs are located in the regime from 10 nm to 60 nm. The statis-
tics reveal that 68.8 % of all ribbons are reaching above 20 nm. Therefore, it is evident
that the majority of GNRs growing along the step-edges at this coverage have suffi-
cient length to bridge the source and drain channel as desired.

The bimodal shape with an indentation around 20 nm could originate from the as-
sessment of the data because an artificial cut-off for the GNRs growing out of the
border below 20 nm was introduced.

GNRs along edges | GNRs on terraces
Total # GNRs 2184 1255
Avg. length [nm] 28 6
GNRs > 20 nm [%] 68.8 1.4
GNRs < 20 nm [%] 31.2 98.6

TABLE 3.4: Calculated values for the average length and amount of

GNRs growing along the edges compared with the ones on the ter-

races. The values for the average length are rounded to the nearest
whole number.

Figure 3.13 Row b lists the growth directions of the ribbons. As expected the an-
gular distribution of the GNRs growing along the step-edges is very narrow. Since
the terraces on the STM images are 90 ° rotated out of the x-axis, the data matches
well with the STM images. It is evident that these long-grown ribbons cannot ro-
tate away from the direction of the steps due to their bulkiness as argued with both
the PPP and 9-AGNR STM observations. Few ribbons are rotated 70 °, managing to
grow along the kinks of the terraces. Since only start and end points of ribbons are
taken for the length measurements, the obtained value for the angle can sometimes
be inaccurate. However, since no Raman polarization measurements were done of
these samples, it is important to present this data because it helps us to gain further
insights into the quantification of the STM measurements.

The GNRs growing on the terraces, on the other hand, show a far broader distri-
bution of angles. Some ribbons are oriented perpendicular to the direction of the
step-edge due to their short length. The distribution resembles a double Gaussian
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distribution. Two local maxima are obtained at about 30 ° and 80 °. While most
(short) ribbons are found to be oriented around 30 °, the ribbons growing at 80 ° can
extend into longer ribbons since they are not influenced from the lack of space.

It is crucial to note that these directional statistics are not a direct measure of the
overall alignment of the ribbons since these statistics ignore the length of the rib-
bons as a factor. As known from the length statistics, ribbons growing along the
running direction of the terraces tend to extend further. This is also supported by
the STM data for both the 9-AGNRs and the PPP. Although the collected data for
the angular distribution of the GNRs located on the terrace scatters fairly randomly,
in consideration of the length of the individual ribbons the alignment still shifts to-
wards the direction of the step-edge.

The data provides evidence that the GNRs at low coverage preferentially grow along
the steps with a high degree of alignment. Excess precursors form additional short
ribbons located on top of the terrace. We observe the growth direction of short GNRs
to be random, but once their length is increased they tend to follow the direction of
the terrace.

3.2.3 Raman spectroscopy of 9-Armchair Graphene Nanoribbons (9-AGNRs)
on Au(788)

Raman study of high coverage 9-Armchair Graphene Nanoribbons (9-AGNR) on
Au(788)

To simplify the analysis of the samples with gradual growth of PPP and 9-AGNRs
on Au(788) with Raman spectroscopy; it is valuable to first take a closer look at sole
9-AGNRs at high and low coverage with Raman spectroscopy. Since we already
got a complete picture of the PPP annealed at varying temperatures, the following
discussion will provide a good foundation to discuss the Raman analysis of the com-
bined PPP + 9-AGNR samples.

Figure 3.14 depicts the Raman spectra collected for the high coverage sample shown
in Figure 3.12 d. The spectra were acquired in vacuum with the 488 nm, 532 nm and
785 nm laser, as summarized in the figure.

The RBLM dependent on the GNR width appears with the 785 nm laser at 314 cm L.
This matches with the expected Raman shift for the RBLM of 9-AGNRs. [76, 88]
Moreover, as already observed for the RBLM of 9-AGNRs for the PPP samples an-
nealed at 400 °C, this mode is only resonant with the 785 nm, while it is out of
resonance with the 488 nm and 532 nm laser. A closer look at the regime of lower
wavenumbers also reveals no other RBLMs for all lasers. Hence, the two step an-
nealing at 200 °C and 400 °C of the precursor to grow 9-AGNRs does not cause
the formation of other GNRs (i.e. through fusion). Under the assumption that fu-
sion of 9-AGNRs would occur around the dehydrogenation temperature of 400 °C,
18-AGNRs would be formed, exhibiting a RBLM around 150 cm~!. [86] Since this
mode does not appear on the spectra, this indicates that fusion does not occur under
these conditions, which is also underpinned by the STM data.

All lasers show a G peak located around 1595 cm~! due to the sp?-framework of
the GNRs. However, in contrast to the PPP, we observe two G mode contributions
for the 9-AGNRs using the 488 nm and 532 nm laser. In graphene, the splitting of
the G peak is attributed to the longitudinal (LO) and transverse (TO) modes when
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FIGURE 3.14: Left: Raman spectra of high coverage 9-AGNRs on

Au(788) acquired with the 488 nm, 532 nm and 785 nm laser. Right:

Close up of the G peak, resolving the LO and TO modes for the 488

nm and 532 nm laser. The 785 nm laser does not clearly resolve the
separation between the LO and TO modes.

uniaxial strain is applied. [124] Due to the finite size and in-plane anisotropy of the
9-AGNRs, the splitting of the G peak is an intrinsic property. [43] As apparent by
the Raman spectra, resolving the LO and TO modes is strongly dependent of the
excitation energy. [43] While clear LO and TO modes are visible with 488 nm and
532 nm, only LO is observed with 785 nm.

Raman study of low coverage 9-Armchair Graphene Nanoribbons (9-AGNRs) on
Au(788)

Since the targeted coverage of 9-AGNR for the growth and transfer together with
PPP should be only one 9-AGNR per terrace on Au(788) (in order to reduce the lat-
eral leakage current that would otherwise be present at high coverage GNRs upon
device integration) we further investigated the Raman spectra of low coverage 9-
AGNRs.

In this respect, Figure 3.15 shows a comparison between the high coverage and low
coverage (one 9-AGNR per terrace) on Au(788) with Raman spectroscopy. The low
coverage data shown is used under the permission of Rimah Darawish, as we did
not manage to acquire a low coverage 9-AGNR spectrum in the given time frame.
No shift of the G peak located around 1600 cm~! for all lasers is observed with low
coverage. The LO and TO components are also observed at 1600 cm~! and 1616
cm~! using the 488 nm laser (only LO was resolved using 532 nm and 785 nm). The
difference in experimentally resolving the G modes between high and low coverage
can be a result of varying coverage, but also of a change in measurement parameters
that were different for each sample. The RBLM for 9-AGNR at 314 cm ! resonant
with the 785 nm is also present at low coverage with no significant shift.
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FIGURE 3.15: Raman spectra of high and low coverage 9-AGNR
grown on Au(788) measured with the 488 nm, 532 nm and 785 nm
laser.

3.24 Raman spectroscopy of low coverage 9-Armchair Graphene Nanorib-
bons (9-AGNRs) transferred to Raman-optimized (RO) substrate

Raman study of low coverage 9-Armchair Graphene Nanoribbons (9-AGNR) be-
fore and after transfer

Although the transfer of PPP to the RO substrate was successful at both high and
low coverage, the feasibility of transferring 9-AGNRs has been shown (Darawish
et al., in preparation, 2021) to depend strongly on the coverage. When transferring
9-AGNRs grown on Au(788) at a high coverage to the RO substrate, no significant
broadening of the Raman peaks is observed. This is an indication that the 9-AGNRs
are transferred uniformly at high coverage, which is the ultimate goal for device in-
tegration. The lack of broadening paired with the high yield of devices suggests that
the 9-AGNRs at high coverage are transferred like a film and therefore are not as
prone to get damaged during the transfer. [121]

It is however the aim to grow and transfer the 9-AGNRs on Au(788) at low coverage
with a coverage of a single 9-AGNR per step as discussed in Section 3.2.2.
Previously, multiple transfers of 9-AGNRs at low coverage have been performed,
the resulting Raman spectra on the RO substrate after the transfer have shown to
exhibit significant broadening especially around the C-H/D peaks. Out of 21 low
coverage 9-AGNR substrate transfers performed in 2019 only 7 spectra with good
quality were obtained, resulting in a predicted yield of 33.3 % (statistics collected
by Rimah Darawish over several transfers). This comprises the motivation to at-
tempt the improvement of the transfer by investigating the growth of 9-AGNRs on
Au(788) edge-passivated with PPP because the low yield of well transferred GNRs
at low coverage is far from ideal to work reliably towards device integration.

A successfully transferred sample of 9-AGNRs grown at low coverage is shown in
Figure 3.16. The data is used under the permission of Rimah Darawish.

Note that no noticeable shift and the same modes are observed after transfer to the
RO substrate compared to Au(788) regardless of the laser employed for the measure-
ment. Reflected by the increase in intensity and the increased signal-to-noise ratio
for the 488 nm and 532 nm spectra, the transfer shown in Figure 3.16 indeed reflects
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a successful transfer. For both the 488 nm and the 532 nm laser, the transferred 9-
AGNRs show no significant broadening around the G peak or around the C-H/D
peaks. However, while the LO and TO modes of the G peak are resolved using the
488 nm laser on Au(788) before the transfer, only the LO mode is observed on the RO
substrate. Note however that the spectra shown before the transfer in Figure 3.16 do
not correspond to the same sample shown after transfer, these changes could also
be related to variations in the sample or the measurement parameters. Additionally,
we see exclusively with the 785 nm the RBLM of 9-AGNR at 314 cm~! both before
and after transfer.
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FIGURE 3.16: Raman spectra of low coverage 9-AGNRs on Au(788)
before transfer and after transfer on RO substrate acquired with the
488 nm, 532 nm and 785 nm laser.

It is once again important to emphasize that the
data shown in Figure 3.16 does not provide an
accurate representation of the majority of low
coverage 9-AGNR transfers. Figure 3.17 shows
a comparison of a well and a poorly transferred
sample with Raman spectroscopy. The poorly
transferred sample shows significant broaden-
ing around the C-H/D peak, suggesting the in-
duction of damage when transferring low cover-
age 9-AGNRs. It is therefore important to high-
light that transfer quality of 9-AGNRs shows
a strong coverage dependence, with improved
transfer quality at high coverage. In comparison
with the PPP samples, we did not observe such
a trend. The spectra of low coverage PPP did
not exhibit significant broadening after transfer.
Note however that we did not have any statistical insights into the transfer quality of
low coverage PPP, wherefore we can not directly conclude if a coverage dependence
on the transfer quality is present or not.
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FIGURE 3.17: Comparison with Ra-

man spectroscopy of one well and

one poorly transferred low coverage

9-AGNR sample acquired with the
785 nm laser.
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All observed modes of the 9-AGNRs strongly overlap with the modes of PPP. The
main difference however between the PPP and the 9-AGNR:s is that we sharp peaks
are still observed with the 785 nm, whereas the PPP shows no signal with this laser.
Therefore, the difference in the optical gap between the PPP and 9-AGNR can be
advantageous to filter out the 9-AGNRs from the PPP, which is beneficial in regard
to the measurements on the combined 9-AGNR + PPP sample that will be discussed
in the following.
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3.3 9-AGNR on Au(788) edge-passivated with PPP

3.3.1 Growth of 9-AGNR + PPP on Au(788)

All experiments conducted so far dealt with the growth of only a single molecular
species at a time. Although we proved that the PPP at low coverage is largely re-
sistant towards increased temperatures, it is yet to be investigated how the growth
of PPP wires is influenced when it is annealed together with the precursors of the
9-AGNR. Due to the diffusion of PPP (see Figure 3.2), the 9-AGNR might replace
or fuse with the PPP at the step-edges and prevent the passivation from happening.
Thus, in the following the growth of low coverage 9-AGNR on the Au(788) with PPP
is analysed.

Figure 3.18 shows the surface of Au(788) with one PPP wire grown per step (depo-
sition of DBTP at 102 °C for 2 min 35 sec, followed by a single annealing step at 250
°C), followed by the deposition of low coverage 9-AGNR (deposition of DITP on the
same surface at 67 °C for 3 min and subsequently annealed at 200 °C and then 400
°C for a 10 min holding time on each step). To facilitate the distinction between the
PPP and 9-AGNR, the GNRs were grown at a coverage below one ribbon per step.
The STM image reveals immediate differences for both the PPP and the 9-AGNR. In
contrast to the low coverage PPP annealed to 400 °C, when grown together with 9-
AGNR the PPP appears to stay intact over larger spread and the PPP diffusion from
the step-edges is strongly reduced.

FIGURE 3.18: STM image of one PPP grown per step, followed by the

growth of one 9-AGNR per step, on Au(788). Bias voltage: -1.8 V.

Current: 30 pA. A ribbon growing along the step-edge is highlighted

with blue and a ribbon growing on top of the terrace is highlighted in
pink.

Adjacent to the PPP, we see growth of 9-AGNRs, providing a first indication that it
is possible to grow 9-AGNRs with the presented protocol together with PPP on the
same Au(788) surface. In Section 3.2.1 the contrast of the 9-AGNRs growing on top
of the terrace was mentioned to be brighter as opposed to the ribbons located along
the step-edge. The direct comparison of the two surfaces (see Figure 3.21 in Section
3.3.3) reveals a significant difference in the amount of ribbons with brighter contrast.
To quantify this, growth statistics of a sample grown at an exact one per terrace cov-
erage of both PPP and 9-AGNR are conducted in Section 3.3.2.
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In Figure 3.19 9-AGNRs growing in a distinct
fashion together with PPP 2 are highlighted.
GNR 1 represents a ribbon growing close to the
step-edge, distinguished by its dark contrast.
As previously mentioned in Section 3.2.1, part
of these GNRs are buried under the step-edge
from the terrace above. Since the PPP is grow-
ing along the edge of the terrace above, it can-
not prevent the growth of the GNRs along the
gdge at‘thls location. GNR 2 on the other hand FIGURE 3.19: Close up STM im-
is growing on top. of the te}‘race. It appears that age of one PPP per step grown on
the GNR grows directly adjacent to the PPP and Au(788), followed by the growth of
it is apparent that no fusion occurs because the 9_.AGNR slightly below a coverage
bite defects within the 9-AGNR are visible. GNR  of one 9-AGNR per step. The gaps
2 shows brighter contrast as it grows on the ter- suggest the absence of fusion. Bias
race. GNR 3 shows a ribbon growing close to ~ Voltage: -2.1 V. Current: 30 pA.

a second GNR (shown in the STM with darker

contrast). The two GNRs are also not fused, noticeable by the gap between them.
The ribbon 3 grows towards the center of the terrace since the step-edge is already
occupied by another ribbon.

On closer examination of the STM images, PPP is promising to act as a passivator.
Even when grown together with the 9-AGNRs, the PPP remain close to the step-
edge and no fusion occurs at the cyclodehydrogenation temperature. This results
on the growth of 9-AGNRs towards the center of the terrace which could ultimately
influence the substrate transfer.

3.3.2 Growth statistics of 9-AGNR + PPP on Au(788)

In the following, the growth statistics of the GNRs on the PPP passivated surface
of Au(788) is discussed. Similarly to Section 3.2.2 the GNRs are separated in two
groups: the ribbons growing on top of the terrace and the ribbons growing along the
step-edge. The data was collected from 58 distinct STM images. The images were
taken at a scale of 90 nm?. 9-AGNRs growing out of the image range were only con-
sidered if they exceed the length of 20 nm.

Figure 3.20 Row a right shows the length of the 9-AGNRs growing along the step-
edge next to the PPP (generally dark contrast in the STM images). Table 3.5 shows
a selection of values calculated from the data of the histogram being insightful for
the discussion. The histogram resembles a Gaussian distribution with an elongated
right tail. The average length of the 9-AGNRs in this group amounts to 22 nm, repre-
sented by the red line. Most GNRs are found to be in the range from 5 nm to 60 nm.
The maximal length observed for a single ribbon is at 82 nm. Considering the as-
pect of device integration, only 52.3 % of all 9-AGNRs growing along the step-edge
exceed the length of 20 nm and thus could bridge the contacts as desired. Similarly
to the observations on the pure 9-AGNR growth statistics, the distribution adopts a
bimodal shape. As the indentation is around 20 nm as previously observed, this sup-
ports the claim that this arises because 9-AGNRs that are growing out of the image

3To facilitate the distinction between the 9-AGNRs and the PPP, the coverage of 9-AGNRs was
lowered slightly below a one ribbon per step coverage. The deposition time was lowered to 2 min 30
sec at 67 °C.
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are only considered if they exceed a lenght of 20 nm, causing a shift in the distribu-
tion.
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FIGURE 3.20: Growth statistics of 9-AGNR on Au(788) edge-

passivated with PPP for a one 9-AGNR per step coverage. Row a

Distribution of length of the ribbons either located towards the mid-

dle of the terraces or along step-edge. The red line highlights the av-

erage length for each group of ribbons. Row b Angle distribution of

the ribbons growing on the terraces compared to the ribbons growing
along the step-edges.

A histogram with the acquired growth data for the GNRs growing on the terrace
is shown in Figure 3.20 Row a on the left. The distribution takes in a right-skewed
shape. At a length of 5 nm the maximal amount of 9-AGNRs at a specific length
is counted. The average length for the ribbon growing on the terraces is 12 nm. Al-
though the ribbons on top of the terrace are shorter compared to the ribbons growing
along the step-edge, which is in accordance with the previous considerations of both
sole PPP and 9-AGNR, we observed few GNRs longer than 50 nm. In total only 16 %
of all ribbons grow above the length of 20 nm, the vast majority of this group cannot
be used for the implementation into device.

The angular distribution in Figure 3.20 Row b reveals a lot of similarities with the
distribution for sole 9-AGNR. The angular distribution of GNRs growing along the
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GNRs along edges | GNRs on terraces
Total # GNRs 1854 2558
Avg. length [nm] 22 12
GNRs > 20 nm [%] 52.3 16.0
GNRs < 20 nm [%] 47.7 84.0

TABLE 3.5: Calculated values for the average length and amount of

GNRs growing along the edges compared with the ones on the ter-

races. The values for the average length are rounded to the nearest
whole number.

step-edge, as depicted in Figure 3.20 Row b (right-hand side), deviate further from
the direction of the terrace as compared to the sole PPP sample. The maximum of
this distribution is located at 80 °. This is however in accordance with the alignment
of the terrace, as the data was accumulated over an area where most images were
not directly perpendicular with the x-axis on the STM image. The increase in broad-
ness of the distribution of the GNRs growing along the step-edge compared to sole
9-AGNRs could arise from both the presence of PPP and kinks within the terraces.
While it is clear that kinks in the terrace cause the GNRs to grow tilted relative to the
direction of the terraces, the interaction between the GNRs and the step-edge might
be slightly altered due to the presence of PPP and the GNRs therefore would not
necessarily grow directly aligned with the step-edge.

The angular distribution of the GNRs growing on top of the terraces seen in Figure
3.20 Row b (left-hand side) shows the GNRs are rotated in all possible directions,
with a maximum at 80 °. Therefore, the majority of GNRs growing on top of the
terraces still show a high degree of alignment of the step-edge. As discussed in
the case of sole 9-AGNR (see Section 3.13) the broadness arises due to the short 9-
AGNRs growing in arbitrary angles across the step-edges.

3.3.3 Comparison of growth statistics of 9-AGNR/9-AGNR + PPP on Au(788)

Figure 3.21 shows an STM comparison of low coverage 9-AGNR with low coverage
9-AGNR + PPP on Au(788). In the following, we discuss the direct comparison of
the growth statistics of these samples, as summarized by the growth histograms of 9-
AGNRs grown on the sole 9-AGNR sample and of 9-AGNRs grown on the 9-AGNR
+ PPP sample shown in Figure 3.22. Since the total number of ribbons counted varies
between the two samples, the data was normalized # accordingly for each sample.
This normalization facilitates the direct comparison of the magnitudes for the two
resulting distributions.

Figure 3.22 top left depicts the GNRs growing along the edges on both samples. The
two distributions for these GNRs have a very similar shape. Since the GNRs growing
along the step-edge on the sole 9-AGNR sample has a higher magnitude compared
to the 9-AGNR + PPP sample at every length, it suggests that sole 9-AGNRs pro-
motes the growth of GNRs close to the step-edge. The PPP also directly affects the
length of ribbons growing close to the step-edge. While GNRs extending over 90 nm

“The data was normalized dividing by the integral of the histogram of both GNR on terraces and
GNRs along edges for one sample. As the width of one column in the histogram is 1 nm, the area is
calculated by summation of all GNRs. Therefore, the normalization in this case was done by dividing
the total number of ribbons.
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FIGURE 3.21: Left: 9-AGNRs grown on Au(788). A ribbon grow-

ing along the step-edge is highlighted in blue. Bias voltage: -1.5 V.

Current: 30 pA. Right: 9-AGNRs grown with PPP on Au(788). A rib-

bon growing along the step-edge is highlighted in blue and a ribbon

growing on top of the terrace is highlighted in pink. Bias voltage: -1.6
V. Current: 30 pA.

are found on the sole 9-AGNR sample, the 9-AGNR + PPP sample only shows few
GNRs with a length over 50 nm.

Figure 3.22 top right shows the comparison for the growth of GNRs on top of the
terraces for both samples. As expected by the observations on the previous graph,
the GNRs growing on the terrace of the PPP passivated surface are present in signif-
icantly higher amounts than for the sole 9-AGNR sample. The average length of the
GNRs growing on the terrace (12 nm) (see Figure 3.23) is significantly higher for the
PPP-passivated sample compared to sole 9-AGNR (6 nm). As seen by the histogram,
the sample shows a promising increase in the amount of ribbons longer than 20 nm
as desired, while only few ribbons over 20 nm are present on the unpassivated sam-
ple.

The increased average length of the GNRs growing on top of the terrace also explains
the occurrence of only one maximum on the angular distribution for the 9-AGNR +
PPP sample (see Figure 3.20) compared to the bimodal angular distribution observed
for the GNRs growing on top of the terrace of the sole 9-AGNR sample (see Figure
3.12). We observe a larger ratio of longer ribbons growing on top of the terrace which
in consequence increases their growth orientation.

This data provides further insights on the effect of PPP on the growth of 9-AGNR on
the surface. As already depicted by the STM image (Figure 3.21), the presence of the
PPP at the step-edges significantly increases the relative amount of GNRs growing
on top of the terrace with an increased length. The PPP seems to template the growth
of GNRs both in alignment and length, leading to a significant decrease in the over-
all percentage of the ribbons above 20 nm and a slight decrease in alignment for the
ribbons growing along the step-edge compared to the 9-AGNRs growing alone. Al-
though the ribbons growing on top of the terrace grow longer in average compared
to the sole 9-AGNR sample, they are still relatively short in comparison with the
length of the ribbons growing along the step-edge with PPP. In this regard, direct
comparison of the average length for the ribbons along the edges in Figure 3.23 vi-
sualizes that the PPP passivation also leads to a decrease in the average length of
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FIGURE 3.22: Comparison of 9-AGNRs growing along edges and
GNRs growing on top of the terraces both with and without PPP.

the ribbons growing along the step-edge with PPP-passivation compared to sole 9-
AGNRs.

The PPP however seems to be successful as an edge passivator since it promotes
the growth of ribbons towards the center of the Au(788) terraces. Consequently, this
could make the transfer of these ribbons more reproducible as the strong adhesion
of the ribbons to the step-edge should be decreased by the presence of PPP.

Even though the relative amount of 9-AGNRs on top of the terrace spreading over
20 nm increases significantly on the PPP passivated surface, only 16.0 % reach this
desired length. Therefore, an optimization of the length of the ribbons on the terrace
would be required. Since the same coverage was used as for the sample grown with
one 9-AGNR per terrace, an increase in coverage could aid to further elongate the
ribbons on top of the terrace. On the other hand, an increase in coverage could lead
to a decrease in device performance, requiring a compromise between length and
density..
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FIGURE 3.23: Comparison of useful values for the assessment of
the 9-AGNR growth on both the PPP-passivated and unpassivated
Au(788) surface.

3.3.4 Raman spectroscopy of 9-AGNR + PPP on Au(788)
Raman study of high coverage 9-AGNR + one PPP per step-edge

Figure 3.24 depicts high coverage 9-AGNR grown together with one PPP wire per
step-edge on Au(788). In comparison to the Raman studies on the sole PPP and 9-
AGNR samples, we now deal with samples that are intrinsically a mixture of PPP
and 9-AGNR grown on the same sample. In the following, we therefore usually refer
to the sole PPP and 9-AGNRs at the dedicated coverage. In this respect, Figure 3.24
also shows pure 9-AGNR grown at high coverage and PPP grown at low coverage
accordingly, therefore facilitating the comparison with the combined 9-AGNR + PPP
sample.

Laser: 488 nm Laser: 532 nm Laser: 785 nm
1599 —— high coverage 9-AGNR + PPP

——9-AGNR high coverage 1248 1595
——PPP low coverage 1297
‘ 1340
314

1599 1595
1339 1614 1248
1614 1207
1278
| ‘ 1340
1248, /\ 1304 314
1503 1592
256 1254
1251
1344 1223 | 340

250 500 750 1000 1250 1500 1750 250 500 750 1000 1250 1500 1750 250 500 750 1000 1250 1500 1750
Raman shift [1/cm] Raman shift [1/cm] Raman shift [1/cm]

—— high coverage 9-AGNR + PPP
—— 9-AGNR high coverage
—— PPP low coverage

1596 — high coverage 9-AGNR + PPP
—— 9-AGNR high coverage 1324
—— PPP low coverage

1280 {1337

1247 |\ 1400 1248,

1246 |\ 1399

Intensity [arb. units]

FIGURE 3.24: Raman spectra of high coverage 9-AGNR + PPP on

Au(788) measured with the 488 nm, 532 nm and 785 nm laser. 9-

AGNRs grown at high coverage and PPP grown at low coverage on
Au(788) is used as a reference.

The Raman spectra of high coverage 9-AGNR + PPP look nearly identical to the high
coverage 9-AGNR. Not only do we see a G peak at 1596 cm ! indicating a compa-
rable shift between the 9-AGNR + PPP and sole 9-AGNR sample established by the
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sp*-lattice of both the PPP and the 9-AGNRs, but we also obtain nearly identical
peak shapes and shifts in the regime of C-H and D modes (between 1200 cm~! and
1450 cm~1). The increased amount of 9-AGNRs compared to PPP appears to over-
shadow the PPP that was only grown as a single wire along the step-edge. With the
785 nm laser, there are no deviations for the high coverage 9-AGNR + PPP sample
and the high coverage 9-AGNR sample due to previous observations that the PPP is
not resonant with this laser.

Additionally, as seen on the 9-AGNR samples and the PPP annealed at 400 °C, we
see the GNR-width-dependent RBLM of 9-AGNRs at 314 cm ! resonant exclusively
with the 785 nm laser. The RBLM likewise does not show a shift on the combined
9-AGNR + PPP sample at high coverage relative to the sample with only 9-AGNR at
high coverage.

With the 488 nm and 532 nm laser, the LO and TO phonon modes of the G peak on
the 9-AGNR + PPP sample is not as pronounced compared to sole 9-AGNRs. This
probably arises due to a difference in coverage between the 9-AGNR + PPP and only
9-AGNR sample because the occupation of the edges by PPP could lead to a decrease
in space for the 9-AGNRs to grow at high coverage.

The high resemblance of the high coverage 9-AGNR + PPP sample with the high
coverage 9-AGNR proves that it is possible to grow 9-AGNRs together with PPP
on Au(788), as supported by the STM images of low coverage 9-AGNR + PPP °
(see Figure 3.18). Moreover, fusion between the 9-AGNRs and the PPP along the
edges when annealing at 400 °C can be excluded because the RBLM for 12-AGNRs
predicted around 260 cm~1 [86] is absent with all lasers. As the fusion would defeat
the purpose of the passivator, the present Raman data shows that the growth of high
coverage 9-AGNRs is not hindered by the presence of PPP.

Raman study of low coverage 9-AGNR + one PPP per step-edge

The observations on the high coverage 9-AGNR + PPP samples aided us to confirm
that is it possible to grow 9-AGNRs gradually on the same Au(788) as the passivator
PPP. Furthermore, the obtained Raman spectra showed that the PPP does not visibly
interfere with the 9-AGNR grown at a high coverage.

As the potential coverage for improving device performance would ideally be a sin-
gle GNR per step-edge, we further investigate the Raman spectra of low coverage
9-AGNRs + PPP, depicted in Figure 3.25. It is important to note that the coverage of
9-AGNRs on this sample is slightly lower than the sample with an optimized cov-
erage that was used for the growth statistics (see Figure 3.18). For the 785 nm laser,
as reflected by the low signal-to-noise ratio for the low coverage 9-AGNR + PPP
sample, we did not manage to obtain a high quality spectrum due to issues with
the laser settings. Nevertheless, according to the observations at high coverage, we
expect the signal to strongly resemble the 9-AGNR spectrum at low coverage. The
C-H and D modes of the low coverage 9-AGNR with the 532 nm laser differ from
the shape usually observed, as the D mode should exhibit a higher intensity relative
to the C-H mode (see high coverage 9-AGNR in Figure 3.24).

While we did not observe any shifts on the high coverage 9-AGNR + PPP sample,
a slight redshift of the G peak at 1593 cm~! relative to the low coverage 9-AGNR

Due to an issue with the STM, there is a lack of STM images that can be shown for high coverage
9-AGNR + PPP. We do however not expect the growth of high coverage 9-AGNR with PPP on Au(788)
to be significantly different compared to the growth of sole 9-AGNRs at high coverage.
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+ PPP is apparent with the 488 nm and 532 nm laser. Comparison with the G peak
of the low coverage PPP at 1592 cm ™! shows that the G peak of the 9-AGNR + PPP
sample shifts more closely towards the G peak of PPP, opposed to the G peak of pure
low coverage 9-AGNR at 1599 cm~!. This shift disappears when measuring with the
785 nm laser because the laser is exclusively resonant with the 9-AGNRs and thus
cannot be influenced by the PPP.

Laser: 488 nm Laser: 532 nm Laser: 785 nm
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FIGURE 3.25: Raman spectra of low coverage 9-AGNR + PPP on

Au(788) measured with the 488 nm, 532 nm and 785 nm laser. 9-

AGNRs grown at low coverage and PPP grown at low coverage on
Au(788) is used as a reference.

Due to the lowered amount of 9-AGNRs, we observe more overlap of the PPP C-
H/D modes with the C-H/D modes of the 9-AGNR, which causes the base of the
peaks around this area between 1200 ¢! and 1300 cm ! to broaden. Consequently,
the low coverage 9-AGNR + PPP sample shows slight deviation in peak shape around
the regime of C-H and D modes compared to the 9-AGNR and the high coverage 9-
AGNR + PPP (see Figure A.3 in Section A .4).

Nevertheless, a sharp D mode appears at 1335 cm~! on low coverage 9-AGNR +
PPP sample, which likewise shows a slight redshift compared to the D mode of sole
9-AGNRs at low coverage. In contrast, no change in the Raman shift of highest
C-H peak around 1251 cm~! is observed on the combined sample relative to sole
9-AGNRs.

The above observations indicate that the low coverage 9-AGNR + PPP exhibits the
modes familiar from pure 9-AGNR with only minor changes due to the PPP. All
modes with exception of the C-H mode of highest intensity show a slight redshift
on the combined sample. On this basis, we suggest that the presence of PPP could
potentially change the interactions between the GNRs and the substrate at low cov-
erage, leading to the observed shifts.

3.3.5 Raman spectroscopy of 9-AGNR + PPP transferred to Raman-optimized
(RO) substrate

Raman study of high and low coverage 9-AGNR + PPP before and after transfer

By now, we laid out first insights into the influence of PPP on the 9-AGNR with
Raman spectroscopy. As discussed for sole 9-AGNR in Section 3.2.3, the unreliable
transfer of low coverage 9-AGNR lead to the idea of passivating the step-edge with
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PPP. In this respect, we have yet to examine if PPP indeed influences the substrate
transfer, analyzing the low coverage 9-AGNR + PPP sample transferred onto the
RO substrate. Before the discussion, it however has to be emphasized that these are
only preliminary measurements. As we only transferred two low coverage 9-AGNR
samples (one as shown below and one for the polarized Raman measurements in
Section 3.3.5), these measurements just provide a first insight into the transfer of the
low coverage 9-AGNR + PPP. To make more fundamental statements about the yield
and reliability of the transfer compared to sole 9-AGNR, further measurements have
to be made.

Figure 3.26 shows a comparison of the low coverage 9-AGNR + PPP sample on

Au(788) (before transfer) to the RO substrate (after transfer). For reference, we show
pure 9-AGNR at low coverage on the RO substrate.

Laser: 488 nm Laser: 532 nm Laser: 785 nm
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FIGURE 3.26: Raman spectra of low coverage 9-AGNR + PPP on

Au(788) before transfer and after transfer on RO substrate measured

with the 488 nm, 532 nm and 785 nm laser. 9-AGNRs grown at low
coverage transferred to the RO substrate is used as a reference.

Table 3.6 displays the fitted FWHM of the G peak for all employed lasers before and
after transfer. With exception of the 785 nm laser that did not provide a processable
spectrum before the transfer 6, a broadening of the G peak and D modes is observed
for all lasers. We previously claimed that broadening around these areas could be
a well-accessible measure of non-uniform transfers. The defective structures exhibit
significant alterations around the edges, causing broadening of C-H/D modes, and
alterations in the periodicity of the sp?-lattice, causing broadening of G modes, re-
spectively.

Consequently, the transfer of the investigated low coverage 9-AGNR sample with
only a single PPP per step-edge appears not to have been transferred reliably. Al-
though direct comparison with poorly transferred sole 9-AGNRs (see Figure 3.17
and Section 3.3.5) indicates a slight improvement around the C-H and D modes,
since there is a slight separation between the two modes on the low coverage 9-
AGNR + PPP. As observed on the transfers of pure low coverage 9-AGNRs, a single

®Note however that the 785 nm spectrum after the transfer shows the peaks more clearly that could
not be resolved due to the laser issue before the transfer. This is additional prove that there was indeed
an issue with the 785 nm laser before the transfer instead of the sample.
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transfer cannot provide a profound assessment of the transfer quality of low cover-
age 9-AGNR on a PPP-passivated Au(788) surface.

Au(788) RO substrate
488 nm | (31.03 £ 1.53) cm 1 | (44.43 £ 2.46) cm !
532 nm | (33.66 + 1.13) cm~ ! | (42.75 + 1.80) cm ™!

TABLE 3.6: FWHM of the G peak obtained by a Lorentzian fit of the
G peak on Au(788) before transfer and after transfer on RO substrate.

While the C-H/D and G modes show a blueshift due to the interactions of the 9-
AGNRs and the PPP with the surface of the RO substrate compared to Au(788) for
all lasers, we observe a distinct redshift of the RBLM located at 305 cm ! emphasized
on the 785 nm laser spectrum.

Note that we thus far never observed a shift with the RBLM before and after transfer.
As the 785 nm laser has been shown to only be resonant with the 9-AGNRs, an sig-
nal contribution of PPP can be excluded. The presence of PPP could however lead
to a change in interaction of the 9-AGNRs with the substrate after transfer, causing a
shift. The observed RBLM is also broadened significantly. Consequently, this broad-
ening could go in hand with defects, leading to an alteration of the width-related
vibrations. The overlap of the entirety of these modes exhibiting a slight deviation
in Raman shifts ultimately could result in the observed RBLM peak.

These preliminary investigations on the transfer of low coverage 9-AGNR + PPP
show that there is interesting potential in improving the transfer by passivating the
step-edge of Au(788) with PPP. Although the present data does not point towards a
uniform transfer, we see a slight separation between the C-H and D modes, while
the poorly transferred sole 9-AGNR at low coverage only showed one broad peak at
this region. However, comparison to the well transferred 9-AGNR at low coverage
indicates that the transfer of the low coverage 9-AGNR + PPP lead to a significant
broadening of the G, C-H/D mode and even the RBLM. Therefore, further Raman
studies of the transfer of low coverage 9-AGNRs grown on PPP passivated vicinal
gold surfaces have to be conducted in order to fully understand the whole of PPP
upon 9-AGNR transfer.

Raman study of low coverage 9-AGNR and 9-AGNR + PPP alignment after trans-
fer

Although the broadening of the G peak is a first indication on the transfer uniformity,
more information is needed to provide a complete understanding of the quality of
the substrate transfer. In terms of device yield, besides staying intact after transfer,
the 9-AGNRs have to preserve the high degree of alignment that was obtained by
the growth on a vicinal gold surface (see Section 3.2.2).
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The alignment of the 9-AGNR and 9-AGNR + PPP grown at low coverage ’ trans-
ferred onto the RO substrate was measured with polarized Raman spectroscopy.
The polarization was varied from -90 ° to 90 ° rotated relative to the direction of the
terraces. The polar plot depicted in Figure ?? shows the G mode intensity extracted
by a Lorentzian fit of the G peak for each angle. The G intensity follows cos*(6),
where 6 denotes the angle between light polarization and the GNR alignment axis.
[76, 125]

m  PPP+9-AGNR
B 9-AGNR
= fit cos*®) 0

Intensity [arb.u.]
Lol b Lol

FIGURE 3.27: Polarization plots obtained by Raman polarized Raman
spectroscopy on transferred low coverage 9-AGNR and low coverage
9-AGNR + PPP.

The Raman polarization anisotropy P [125] is used for a quantitative description of

the alignment. It is defined as
_h=h
I” +1, 7

(3.1)

where I and I, denote the Raman spectra measured for the incident and scattered
light polarized along and perpendicular to the step-edges of Au(788). P yields a
value between 0 and 1, where an increase in alignment along the direction of the
terraces is reflected in an increase in P. P = 1 thus means perfect alignment with the
direction of the terraces, while P = 0 denotes no degree of alignment. [125]

We obtain P = 0.25 for low coverage 9-AGNR and P = 0.47 for low coverage 9-
AGNR+PPP measured on the RO substrate after transfer. Even though the obtained
Raman plots (see Figure A.4 in Section A.4) do not highlight significant differences
with exception of the increased signal-to-noise ratio of the transferred low cover-
age 9-AGNR + PPP sample, we see a notable increase in P for the 9-AGNR + PPP
compared to sole 9-AGNR on the RO substrate. The present data suggests that the
alignment of the low coverage 9-AGNR + PPP sample is slightly improved in regard
to sole 9-AGNR grown at this coverage. Moreover, note that even the best transfers
of low coverage 9-AGNRs (as seen in Section 3.2.3) showed a Raman polarization

"The parameters for the deposition of the 9-AGNR precursor and the annealing steps to grow the
GNRs were equal on both samples, granting equal coverage. As previously discussed, low coverage
denotes 9-AGNRs grown at a one GNR per step coverage, while the low coverage 9-AGNR + PPP
contains one ribbon each of PPP and 9-AGNR.

8Note that the Raman spectra (see Figure A.4 in Section A.4) showed significant broadening for
both low coverage 9-AGNR and low coverage 9-AGNR + PPP, especially around the C-H/D modes.
However, since the G peaks were narrow enough to be used for the analysis, we decided to make a
preliminary comment on the observed alignment, although we have to keep in mind that both transfers
do not point towards a high quality transfer on these samples.
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anisotropy of P = 0.58. Therefore, no significant decrease of the Raman polarization
anisotropy is observed on the low coverage 9-AGNR + PPP sample, even though the
Raman spectra point towards a poorly transferred sample.

Even though we see a relative improvement on the PPP passivated sample, Raman
polarization anisotropy of P = 0.47 is still far away from the desired value. A highly
aligned sample, as it is observed for low coverage 9-AGNR grown on Au(788), yield
a Raman polarization anisotropy up to P = 0.95. Consequently, the alignment of
the low coverage 9-AGNR + PPP samples as presented here need to be further opti-
mized.

To finalize this discussion, it is once again important to note that we can not reach
definitive conclusions without a systematic study on identically prepared samples.
According to the observations on the transfer of low coverage 9-AGNRs, the transfer
does not always yield the same result due to the fact that the transfer process is
dependent on the interplay of many different factors to work towards a successful
transfer.

Nevertheless, the present data gives first insights into the effects of PPP passivation
on the transfer of low coverage 9-AGNRs grown on Au(788). We showed that we
obtain an increased value of the Raman polarization anisotropy P for low coverage
9-AGNRs grown on Au(788) passivated with PPP.
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Chapter 4

Conclusion and Outlook

4.1 Conclusion

This thesis allowed us to gain insights into the properties of PPP and explore the ef-
fect of PPP as a step-edge passivator for the growth of 9-AGNR on vicinal surfaces.
Growing low coverage PPP on Au(788), PPP shows a high affinity to grow along the
step-edge, similar to 9-AGNRs. Similarities are further observed at increased PPP
density on Au(788), as PPP shows increase in length and alignment. We observed
lateral fusion of PPP at 400 °C, supported by the RBLMs for wider GNRs observed
with Raman spectroscopy. The Raman spectra point towards a more reliable forma-
tion of 6- and 9-AGNRs when PPP is annealed gradually to 400 °C, compared to
direct annealing to 400 °C, suggesting that fusion is facilitated due to the prolonged
exposure to higher annealing temperatures. The transfer spectra of PPP moreover
indicate that PPP is transferred well to the RO substrate both at high and low cover-
age.

We proved that it is possible to grow 9-AGNRs on Au(788) edge-passivated with PPP
by gradual deposition and annealing both STM imaging and Raman spectroscopy,
which did not show a difference between the spectra of high coverage 9-AGNR +
PPP and sole 9-AGNR. We also concluded that the PPP does not fuse with the 9-
AGNRs at 400 °C (i.e. the peak annealing temperature for the preparation of the sam-
ple) . We established growth statistics to compare the growth of the GNRs on both
PPP-passivated and unpassivated Au(788) surfaces, pointing towards a decrease in
length and alignment of the GNRs growing along the step-edge when PPP is present
at the step-edge. The 9-AGNR + PPP sample furthermore showed a higher ratio of
GNRs growing on top of the terrace with an increased average length (12 nm) in
respect to sole 9-AGNRs (6 nm), owed to the occupation of the step-edge by PPP. Ra-
man spectroscopy of low coverage 9-AGNR + PPP after substrate transfer showed
increased broadening, as generally also observed for pure low coverage 9-AGNR,
pointing towards a non-uniform transfer for 9-AGNR grown together with the pas-
sivator PPP on Au(788). Preliminary measurements on the alignment of transferred
low coverage 9-AGNR + PPP compared to low coverage 9-AGNR suggest an in-
crease in alignment, reflected by the Raman polarization anisotropy increase from
P = 0.25 (for sole 9-AGNR) to P = 0.47 (for 9-AGNR + PPP).

Even though this increase is promising in terms of further investigations of the edge-
passivation of vicinal surfaces with PPP, the yet insufficient value of P combined
with the observed broadening after transfer at low coverage indicate that the dis-
cussed protocol of growth of PPP together with 9-AGNRs needs further optimiza-
tion.
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4.2 OQOutlook

In a further step, statistical evaluations of the transfer would be necessary to make a
better judgement of the influence of PPP on the transfer quality of 9-AGNRs at low
coverage. The Raman studies on the 9-AGNR + PPP samples conducted so far rep-
resent preliminary measurements that are required to be repeated with identically
prepared samples to make a more complete assessment of the yield.

The presented preliminary transfer data however suggests that the PPP-passivation
has to be optimized moving forward. A good starting point would be to explore an
increased coverage of PPP towards the growth of two wires of PPP growing side-
by-side along the step-edge. Since the growth statistics indicate that a large amount
of GNRs grows along the step-edge even though it is already occupied by PPP, the
growth of two wires might help the GNRs to grow closer towards the center of the
terrace, which could in return influence the transfer efficiency.

Another gateway could be to sandwich the deposited 9-AGNRs between PPP by a
subsequent deposition of PPP at high coverage on the 9-AGNR + PPP sample. This
might allow to transfer 9-AGNR together with PPP in a film-like behaviour, fur-
ther increasing the yield of the transfer. Preliminary STM investigations of GNRs
sandwiched between PPP have showed that GNRs can be sandwiched between PPP
wires with no significant amount of fusion (see Figure 4.1). Raman spectroscopy
measurements need to be done to confirm these results.

FIGURE 4.1: STM images of a prepared ! trial sample PPP + 9-AGNR

+ PPP sample. Note that the coverage of 9-AGNR is slightly below

one ribbon per step. a: Overview image of the PPP + 9-AGNR + PPP

sample. Bias voltage: -1.5 V. Current: 30 pA. b: Close-up image of

the PPP + 9-AGNR + PPP sample. We see both 9-AGNRs and PPP,

suggesting that it is potentially possible to sandwich 9-AGNRs with
PPP without fusion. Bias voltage: -1.6 V. Current: 30 pA.

Concerning the passivator, other GNRs or nanowires with a similar growth be-
haviour could be explored. For example, chevron GNRs have shown to grow close
to the step-edge in a similar fashion, representing a promising material to test the
transfer efficiency of 9-AGNRs grown together with chevron GNRs on vicinal sur-
faces.

IThe sample was prepared by deposition of the PPP precursor at 102 °C for 2 min 35 sec and sub-
sequent annealing at 250 °C to grow low coverage (one wire per step) PPP. Afterwards, the 9-AGNR
precursor was deposited at 67 °C for 2 min 30 sec, followed by annealing at 200 °C and 400 °C. Finally,
a second dose of PPP precursor was deposited at 102 °C for 10 min with subsequent annealing at 200
°C to grow high coverage PPP. 10 min annealing time for each step.
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Appendix A

Appendix
A.1 Introduction

A.1.1 Origin of Stokes- and Anti-Stokes scattering

To understand the origin of Raman scattering more in detail, one has to refer to the
dipole moment of a molecule in an electric field E. Irradiating the molecule with a
laser (i.e. electromagnetic radiation) leads to an oscillating disturbance in the electric
field over time. Therefore, the dipole moment is given by

u(t)=a-E(t) =@ - E - cos(wot) , (A1)

where @ is the polarizability of the molecule. As previously stated, Raman scat-
tering occurs due to a change in polarization of the molecule. This however only
occurs if the molecule is disturbed out of its equilibrium position Qp. The emitted
phonon of a normal-mode vibration along a coordinate q as a result of the displace-
ment around Qg follows

q = qo - cos(wpt) . (A.2)

By Taylor expansion ! of the polarizability around Qp and combining the equation
with A.2 and A.1, one obtains a modified expression of y(t) involving both angular
frequencies of the phononic osciallation and the photonic osciallation.

u(t) = ag - E_o> - cos(wot)

1,00 —

+ E(W)qo “qo0 - Eq - cos[(wo — wy)t]
1,0« =

+ E(W)% “qo - Eg - cos[(wo + wy)t]

The time-dependence of the dipole moment of the molecule is the source of Raman
scattering. It is composed of a sum of three terms, all involving different oscillation
frequencies. Hereby, the oscillation frequency wy corresponds to Rayleigh scattering
(no exchange of energy), (wo — wj) corresponds to Stokes scattering (molecule ab-
sorbs energy 2) and (wp + wy) corresponds to anti-Stokes scattering (molecule loses
energy 2). [103]

ISecond order or higher terms are dropped from this equation
2The difference in energy always corresponds to exactly one phonon.
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A.2 Materials and Methods

A.21 Ultra-high vacuum (UHV) Technology
Theoretical aspects

Why Ultra-High Vacuum? Characterization of surfaces portrays a significant chal-
lenge due to the requirement that the surface composition remains vastly unaltered
over the duration of the experiment. This eliminates the possibility to conduct ex-
periments at atmospheric pressures, since atoms and molecules from the atmosphere
are adsorbed on the surface at high rates. The rate of impingement of particles on a
surface is described over the flux I as

4
[= —r— A3
v 2mtmkgT (A3)

where p is the pressure, m is the mass of the particle, kg is Boltzmann’s constant and
T is the temperature. Consequently, under the assumption of a sticking coefficient of
13 the rate of adsorption of a molecule on a crystal surfaces is directly proportional
to the pressure. It is therefore essential to conduct these experiments under condi-
tions with a minimal external pressure. In fact, the number of atoms or molecules
adsorbed on the surface should not exceed a few percent of a monolayer per hour,
which equals to a pressure in the order of 10 mbar at least. Systems which satisfy
this criterion are called Ultra-High Vacuum (UHV) systems. Additionally, note that
Equation A.3 indicates a decrease in the rate of adsorption towards higher tempera-
tures. This is supplemental parameter altered by the experimental setup. [126]

How is Ultra-High Vacuum achieved? Contrary to the implication of the term
"vacuum", it is impossible to achieve perfect vacuum experimentally or even theo-
retically. However, with UHV it is possible to reach the pressures where the number
of molecules in the chamber a merely insignificant in terms of contamination of the
investigated surfaces in the time frame of the experiment. + A simple UHV system
consists of a vacuum chamber connected to a pump. Pumping of the system results
in a gas flow from the chamber to the pump, due to the pressure difference between
the two. When a system is pumped, it will eventually reach a steady state. The
resulting base pressure pg obeys the relation

pB = % (A4)

with S the pumping speed and Qr the total gas load. Hence, to get an optimal base
pressure the total gas load should be minimized, while the pumping speed should
be maximized.

Leaks in the system, either due to gases diffusing from the atmosphere outside into
the system or due to the slow liberation of gases that are trapped inside the system,
cause a the total gas load to increase. An additional factor is the desorption of gases
from surfaces inside the system. This process is called degassing. Higher tempera-
tures cause an increase in desorption. This is called bakeout of the system, which is
the process of heating of the system after venting in order to enhance the pumping
of internal gas molecules and decrease the base pressure to a minimum.

3 Although not valid for all surfaces, all surfaces investigated here come close to that assumption.
4If the experiment spans over multiple days an observable amount of contamination may occur,
even though the atoms or molecules only are present in spare amounts.
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The pumping speed can be improved by employing an appropriate pumping system
consisting of rotary pumps, ion pumps, and titanium sublimation pumps. A UHV system
always consists of multiple pumps that work in different pressure ranges because a
single pump would not come close to reaching the desired pressures. Details about
the employed pumps and other materials in the UHV system will be addressed in
A2.1.[126]

Instrumentation

Reaching UHV requires special instrumentation, incorporating materials with mini-
mal gas leak with valves, gauges and pumps. In the following, a more detailed look
at the experimental setup of a UHV system is provided.

UHV Materials The most common material used in the majority of UHV systems
is stainless steel. It fulfills certain criteria such as low gas permeability, resistance
to corrosion and the desire to be non-magnetic, making it an ideal candidate. Other
materials are used inside the chambers, among them copper and aluminium. Fortu-
nately, glass also has beneficial properties and can be used to incorporate windows
on the walls of the chamber. [126] This is essential because it allows to see inside the
chamber when manipulating the sample. A further advantage of these materials is
their tolerance towards higher temperatures required when performing a bakeout of
the system.

Pumping to UHV The main components of a pumping system are pumps, gauges
and valves.

To reach and maintain UHYV, a series of pumps working in different pressure ranges
is needed. To reach a pressure in the order of 10 mbar, pre-vacuum pumps such as
rotary valve pumps are used, responsible for maintaining sufficient backing vacuum
for the high-vacuum as well as the exhaustion of gases into the atmosphere. A rotary
valve pump consists of an eccentrically mounted rotor inside a cylindrical housing.
Movable blades are mounted on the rotor, which expand upon rotation of the ro-
tor due to centrifugal forces. As gas flows from the inlet port into the compressor
chamber, the rotation causes the air to get trapped between the two blades. The air
further expands to a maximum volume, preventing undesired condensation. Fur-
ther rotation causes compression of the air and the pressure is high enough so that it
can be expelled to the atmosphere by the unidirectional outlet valve. [127, 128] The
pre-vacuum pump is placed in front of the turbomolecular pump of the PC and FEL.
Below 103 mbar turbomolecular and ion pumps operate in order to pump the system
down to the range of 10! mbar. An ion pump incorporates short stainless steel tubes
(representing the anode) sandwiched between two titanium plates (representing the
cathode). A strong magnetic field is applied parallel to the contact. As electrons are
emitted an accelerated towards the anode, ionization gas molecules occur. In the
applied electric field, the ionized gas molecule subsequently is accelerated towards
the cathode, causing a release of titanium particles. The sputtered titanium coats the
surface of the tubes and pump walls and can react chemically with the surrounding
gas molecules and thus remove them from the atmosphere. [129] A feature of ion
pumps is the ability to read out the pressure inside the chamber over the value of
the pump current. Ion pumps are employed in both the PC and the AC.
Turbomolecular pumps convoy the ion pumps to improve the pumping efficiency in
the low pressure range up to UHV. The structure and function of a turbomolecular
pump resembles a jet-engine. It consists of a rotating central shaft with slotted disks.
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They are intertwined with static discs, mounted to the walls of the pump. As gas
flows into the pumping chamber, the rotation of the central shaft causes the gas to
flow towards the outer walls of the pump. The gas then is directed towards the pre-
vacuum pump and exits the system. [130] Because of the high noise and vibration
the pump is placed outside of the analysis chamber at the end of the PC. A second
turbomolecular pump is used to pump the FEL.

The removal of active gases like Hy or O, is achieved with titanium sublimation pumps.
Through heating of a Ti-covered filament through application of a current, titanium
is sublimated. The resulting Ti-film reacts with the active gases, making them non-
volatile, similar to the working principle of ion pumps.

An accurate reading of the pressure is provided by ionization gauges, operating at
pressures below 10 mbar. Due to termionic emission of electrons from a hot fila-
ment, atoms and molecules from the system gas are ionized. They are subsequently
attracted towards a collector, converting the resulting current to a pressure indica-
tion. [126]

Valves are used to isolate one chamber from the rest of the system. This is primarily
necessary for introducing a sample into the system and is however also advanta-
geous as a safety precaution. Usually, copper is used as a sealing material.

A.3 Supplemental STM data

A.3.1 Annealing of Poly(para-phenylene) (PPP)

FIGURE A.1: STM image of high coverage PPP precursor on Au(788)

annealed at 200 °C. The tip is dragging molecules on the surface,

which indicates that no PPP is formed at this temperature. Bias volt-
age: 2 V. Current: 30 pA.

A.4 Supplemental Raman data

A.41 Raman spectroscopy of Poly(para-phenylene) (PPP)
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FIGURE A.2: LCM appearing at 107 cm ! for PPP annealed at 250 °C
and PPP annealed at 400 °C. No background subtraction was per-
formed on the plots shown here.

A.4.2 Raman spectroscopy of 9-armchair graphene nanoribbons (9-AGNRs)
+ Poly(para-phenylene) (PPP)

Laser: 488 nm 5 mW Laser: 532 nm 10 mW Laser: 785 nm 40 mW
—— PPP+9-AGNR low coverage 1593 —— PPP+9-AGNR low coverage 1594 —— PPP+9-AGNR low coverage
—— PPP+9-AGNR high coverage 1335 —— PPP+9-AGNR high coverage —— PPP+9-AGNR high coverage 1593
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FIGURE A.3: Comparison of the high and low coverage 9-AGNR +

PPP and pure 9-AGNR with Raman spectroscopy. The side-by-side

view reveals that high coverage 9-AGNR + PPP more closely resem-

bles the pure 9-AGNR at high coverage, as expected by the difference
in relative amount.

A.4.3 Raman spectra of low coverage 9-AGNR and 9-AGNR + PPP used
for polarized Raman spectroscopy
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Laser: 785 nm

—— low cov. 9-AGNR
——low cov. 9-AGNR + PPP C-H/D
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FIGURE A.4: 785 nm laser Raman spectra of low coverage 9-AGNR
and low coverage 9-AGNR + PPP with 8 = 0 (aligned with terraces).
We see significant broadening of the C-H/D modes.
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