eman ta zabal zazu

>

Universidad Euskal Herriko
del Pais Vasco Unibertsitatea

ON-SURFACE SYNTHESIS AND ELECTRONIC
STRUCTURE CHARACTERIZATION OF
GRAPHENE NANORIBBONS

mﬂ;- R A TS e -1
[ e N T LT LT

DOCTORAL THESIS IN
Physics of Nanostructures and Advanced Materials
submitted by

Néstor Merino Diez

Supervised by

Dimas Garcia de Oteyza
and

José Ignacio Pascual Chico

San Sebastidan - Donostia, September 2019

(c)2019 NESTOR MERINO DIEZ






This thesis has been carried out at Donostia International Physics Center (DIPC),

Centro de Fisica de Materiales - Materials Physics Center (CFM-MPC),
and CIC nanoGUNE: nanoscience cooperative research center.

(A4 Materials Physics Center
L] = S
z =
\LJ Materialen Fisika Zentroa
. CIC

o MNAaNoGcGune

Nnanoscience coorPeratTive ResearcH center






Perhaps hapiness is always to be found in the journey uphill,
and not in the fleeting sense of satisfaction awaiting at the next peak.






Abstract

This thesis presents a comprenhensive study on the on-surface synthesis and characteriza-
tion of the electronic structure of different types of graphene nanoribbons (GNRs) formed
on coinage metallic surfaces, being gold the most present substrate. Graphene nanoribbons
(GNRs) are a new emergent material which is gaining considerable attention within the sci-
entific community due to its wide-range potential applications derived from its exotic phys-
ical and chemical properties. Since GNRs derive from graphene, they preserve many of its
interesting properties, such as the highest electron conductivity. In adittion, the reduced di-
mensionality of GNRs provide them with a tunable non-zero electrical band gap, no present
in graphene, and required for its implementation into electronic devices. Moreover, and again
in contrast with graphene, the presence of edges in GNRs brings the emergence of magnetic
edge states with promising applications in spintronics.

We employ on-surface chemistry startegies based on the use of aromatic molecular pre-
cursors for synthesizing the different GNRs studied here. By thermal annealing, we induce
a controlled two-step reaction pathway to form these nanostructures onto different coinage
metallic substrates, since their catalytic activity is needed for the product formation. The two
chemical reaction accounted involves firstly, the merging of the molecular precursors into com-
monly linear polymric chains thorugh the well-known and controlled Ullmann coupling. In a
second stage, higher temperatures induce the ciclodehydrogenation of the former polymers,
giving rise to the formation of planar graphene nanoribbons.

Most of the experimental results were acquired by means of Low-Temperature Scanning
Tunneling Microscopy and Spectroscopy (LT-STM/STS) at temperatures of ~ 5K with the
use of liquid nitrogen and helium cryostates. Measurements and sample preparations were
performed in ultra high vacuum conditions. The main STM equipments used in this work
are located at CIC nanoGUNE cooperative research center and the Materials Physics Center-
Centro de Fisica de Materiales (MPC-CFM), being both located in San Sebastian (Spain).
Complementary surface-sensitive techniques, such as X-ray and angle-resolved photoemission
spectroscopy (XPS and ARPES), were employed for supplementing the STM/STS results.
These complementary measurements were done in collaboration with the ‘Nano Physics Lab-
oratory’ group, headed by prof. Enrique Ortega in the Materials Physics Center-Centro de
Fisica de Materiales (MPC-CFM); as well as with the ‘APE’ beamline staff at Elettra syn-
crotrone in Triestre (Italy). In the acquisition of the experimental results have contributed
the pre-doctoral researchers Niklas Friedrich, Mohammed Sabri G. Mohammed, Alejandro
Berdonces Layunta, and Ana Barragan; and the doctors Jincheng Li, Jorge Lobo Checa,
Luciano Colazzo, Martina Corso, Eduard Carbonell Sanromé, James Lawrence, Guillaume
Vasseur, Celia Rogero and Francesco Sedona. The different calculations and simulations in-
cluded in this work were developed by the doctors Aran Garcia-Lekue, Daniel Sanchez Portal
and Alejandro Pérez Paz. The molecular precursors employed in this work were synthesized by
the group of prof. Diego Penia, in the ‘CIQUS’ Research Institute (in Santiago de Compostela,
Spain).

This thesis is divided in three different parts. In the first one, we introduce the scientific
background underlying the context and the motivation of this work. In addition, we explain
the different experimental techniques employed including a specific description of the main



equipments used, together with a theoretical explanation of the electronic properties of GNRs.
The second part of this thesis focuses on the experimental results obtained with armchair
GNRs (aGNRs) and involves two different chapters. In the first one, we synthesize different
aGNRs members of the 3p family on Au(111) and demonstrate how their semiconducting
band gap can be precisely modulated by the width of these nanostructures. Moreover, we
observe a Fermi level pinned scenario since the valence band (VB) of each nanoribbon is
located at very similar, near-Fermi energy values. In the second chapter of this part, we show
how the random synthesis of aGNRs from poly-para-phenylene (PPP) nanowires on Au(111),
can be limited into the formation of aGNRs of a single width (sizx dimers lines, in this case)
by the use of the vicinal surface as Au(322) as substrate template, what result into a system
of highly aligned namnoribbons allowing the characterization of their electronic structure by
averaging surface sensitive techniques like ARPES. The third part of this thesis comprises the
experimental results obtained in the study of chiral GNRs (¢cGNRs) and it is divided into four
different chapters.

In the first chapters, by changing and adding the halogentad sites within the molecular
we explore the reactivity of the molecular precursor originally employed to synthesize the
pioneer 7-aGNR, by changing (or adding) the halogenated positions within its aromatic skele-
ton, what results in the effective formation of cGNRs instead of aGNRs on different coinage
metallic substrates. Followed by a detailed study of the transfer of the innate chirality of
these precusors along the whole synthetic process, resuting into the steroselective synthesis of
pro-chiral GNRs. Finally we characterize in detail the electronic structure of cGNRs, observ-
ing a semiconducting character with no edge states in the narrow nanoribbons that developes
into a metallic character with colse-to-Fermi edge states in the wider cGNRs.
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Resumen

Esta tesis expone un estudio detallado sobre la sintesis en superficie de nanotiras de grafeno
(en inglés ‘Graphene Nanoribbons’, GNRs) y la posterior caracterizacion de su estructura elec-
tronica, principalmente empleando como técnica analitica, microscopia y espectroscopia de
barrido de efecto tunel de baja temperatura (en inglés ‘Low temperature-Scanning Tunnnel-
ing Microscopy/Spectrosocopy’, LT-STM/STS) en condiciones de ultra alto vacio (en inglés
‘Ultra High Vacuum’, UHV). Para la obtencion de los resutados detallados en esta tesis, se
han empleado dos equipos de microscopia independientes, ambos ubicados en San Sebastian
(Guiptazcoa). En primer lugar, ‘Milano’, un microscopio ensamblado a partir de elementos
de distintios equipos y ubicado en el centro de investigacion cooperativo ‘CIC nanoGUNE’.
En segundo lugar, ‘Apollo’, un equipo comercial Sigma-Omicron y situado en el instituto de
investigacion ‘Centro de Fisica de Materiales’ (CFM). Paralelamente al uso de estos microsco-
pios, distintas técnicas de anéalisis de superficies, en concreto, espectroscopia de fotoemisién de
rayos x (en ingles ‘X-ray Photoemission Spectroscopy’, XPS) y de angulo resuelto (en inglés
‘Angle-Resolved Photoemission Spectroscopy’), han complementado el estudio de las distintas
reacciones de quimica de superficie que dan pie a la formacién de las nanotiras de grafeno, asi
como el posterior estudio de sus propiedades electrénicas.

El trabajo realizado durante esta tesis se enmarca dentro del campo cientiifico conocido
como ‘nanociencia’, definiendose esta como la rama de la ciencia centrada en el estudio de
los fenémenos fisico-quimicos que se suceden en sistemas cuyas propiedades estan gobernadas
por las dimensiones que las definen, comprendiendose estas entre 1 y 100 nanometros.! Por
impedimentos tecnologicos, este campo cientifico ha permanecido inexplorado experimental-
mente hasta que recientes progresos en el desarollo de instrumentos analiticos y métodos de
produccién han permitido el acceso al estudio de fené6menos que ocurren a escala nanométrica
con la precision suficiente como para poder comprender la naturaleza de dichos fenémenos.
De hecho, el desarrollo del STM en 1981 de la mano de los cientificos Binning y Rohrer en los
laboratorios IBM en Ziirich (Suiza),?® hecho por el cual recibieron el premio Nobel en fisica
en 1986, impuls6é considerablemente el acceso experimental al ‘mundo nanométrico’ debido
a la capacidad resolutiva espacial que dicho instrumento otorga, capacidad que alcanza una
resoluciéon expresable en dngstroms.

Un material que ilustra magnificamente esta nueva revolucion en la ciencia es el grafeno.
En su concepcién teérica ideal, el grafeno se define como un material bidimensional com-
puesto tinica y exclusivamente por una capa de dtomos de carbono con una hibridacién de
tipo sp? situados, por lo tanto, en el mismo plano geométrico. Durante afios, la vision de
este material no sobrepas6 su mera concepcién teérica debido a que su creacién y estabilidad
se crefan imposibles dentro de los limites de la naturaleza tal y como la conocemos en nue-
stro planeta, sirviendo pues exclusivamente como material abstracto objeto a investigacion
meramente tedrico y/o simulada. Sin embargo, la realizacion de este material a principios del
siglo XXI mediante exfoliaciéon micromecénica de grafito de la mano de lso cientificos Andre
Geim y Konstantin Novoselov,? hazafia por la cual recibieron el premio Nobel de fisica en
2010, revolucion6 el mundo de los materiales nanométricos. La razén de tal revolucion reside
en las propiedades potencialmente explotables del grafeno, muchas demonstradas hoy en dia
experiemntalmente, siendo el material mas resistente y duro en términos mecanicos,® presen-



tando la mayor conductividad eléctrica® y térmica’ conocidas hasta la fecha y siendo capaz

de albergar, catalizar o impedir reacciones quimicas de diversa indole.

Sin embargo el grafeno como tal presenta una considerable limitacién para su aplicacién
directa en dispositivos electronicos: la falta de una brecha energética en las bandas electroni-
cas que definen su carécter electronico, es decir, la separacién energética entre su banda de
valencia y su banda de conduccién. Esta separacién dicta si, a la hora de conduicir corrientes
eléctricas, un material se comporta como aislante, semimetal, semiconductor o aislante. Los
componentes l6gicos de un circuito programado son en su mayoria materiales semiconductores
por lo que, al hallarse las bandas de valencia y conduccion del grafeno solapadas, este posee un
caracter metélico. Una solucién muy prometedora a la hora de crear una separacién energética
en el grafeno consiste en reducir una de sus dimensiones a escala nanométrica, pasando de
esta manera de tener forma de lamina a presentar una forma de tira a escala nanomeétrica.
De ahi el nombre de ‘nanotiras de grafeno’. El confinamiento de los electrones (< 10 nm)
debido a la reduccién de una de las dimensiones del grafeno ‘abre’ una brecha energética en
las GNRs que les otorga un caricter semiconductor, tal y como esta demostrado teodrica y
experimentalmente.

Existen diversos parametros que definen las propiedades de las nanotiras de grafeno, siendo
el primordial la direccién cristalografica de alta-simetria del grafeno a lo largo de la cual
crecen y que, a su vez, determina el tipo de borde que predomina en la estructura. Estas
direcciones se denominan como ‘armchair’ y ‘zigzag’, en inglés, respectivamente. Derivadas
de distintas combinaciones lineales de estas direcciones, surgen otras direcciones de menor
simetria denominadas ‘quirales’. Tal y como establece los calculos y simulaciones teéricos, las
GNRs que presentan bordes de tipo ‘armchair’ presentan un caracter semiconductor el cual
puede regularse a través de la anchura de la nanotira. El mismo tipo de calculos establece
de la misma manera que las GNRs que presentan bordes de tipo ‘zigzag’, son metélicas y
pueden albergar estados electrénicos localizados en dichos bordes y con un acoplamiento de
tipo ferromagnético a lo largo del mismo borde y de tipo antiferromagnético entre ambos
bordes longitudinales. Por derivado, las GNRs quirales, las cuales presentan una combinacion
periddica de ambos tipos de borde, pueden presentar ambas cualidades caracteristicas de los
bordes tanto de tipo ‘armchair’ como de tipo ‘zigzag’.

Figure 1: Modelos del grafeno y sus principales materiales derivados. (a) Grafeno, (b)
grafito, (c) nanotubos, (d) fulerenos. Adaptado de ref.®



La formacién de estas nanomateriales se realiza mediante estrategias sintéticas de quimica
de superficie ya que, debido a la gran sensibilidad que presentan las GNRs a la alteracién de
sus propiedades electricas innatas ante cualquier minimo defecto estructural,” '°
metodologia que permite, junto con ciertas metodologias de quimica convencional, la obten-
cibn de GNRs con precision atomica, es decir, donde no falta ningtno de los dtomos que
conforma la nanoestructura. Sin embargo, ante las ténicas de quimica convencional, las de
superficie presentan la ventaja de permitir la caracterizacién de las propiedades eléctricas de
las GNRs tras su sintesis con instrumentos que presentan una resolucién energética y espa-
cial como los STMs. La estrategia de sintesis en superficie por excelencia fue desarrollada y
publicada en el anio 2010 por el grupo de investigacion del profesor Roman Fasel en el centro
de investigacion EMPA (Ziirich) en colaboracion con el grupo del profesor Klaus Miillen, del
instituto Max Planck de investigacion en polimeros (en Mainz, Alemania).!! Mediante este
método, gracias a la actividad catalitica de las superficies metalicas (normalmente oro, plata
y/o cobre) sobre los cuales se suceden las reacciones sintéticas, las nano-tiras se forman a
partir de precursores moleculares aroméaticos que previamente se han depositado sobre dichas
superficies. Las reacciones que formane ste proceso son dos: el acoplamiento de Ullmann'? y
la ciclodeshidrogenacién,'® y ambas se producen aportando energia térmica en el caso de las
reacciones empleadas en esta tesis. Una vez la moléculas se hallan depositadas en la superficie
metalica, primeramente se induce el acoplamiento de Ullmann en el cual los enlaces simples
carbono-halégeno de los precursores se rompen para formar un nuevo enlace carbono-carbono
que une las moléculas individuales en polimeros que normalmente presentan una dimensional-
idad lineal debido a la posicion de los grupos halégenos en los precursores. La mayor parte de
estos polimeros no son planos ya que adoptan cierta conformacion tridimensional para min-
imizar la repulsién estérica causada por los dtomos de hidrégeno que se encuentran unidos
covalentemente a los atomos de carbono limitrofes. Son precisamete estos enlaces carbono-
hidrégeno los que se escinden seguidamente en la ciclodeshidrogenacién para formar nanotiras
de grafeno, estructuras que en la mayorfa de los casos alcanzan su planaridad en este segunda
etapa.

es la unica

El manuscrito de esta tesis estd estructurado en tres partes. La primera parte, la cual
abarca hasta el capitulo tres, describe el marco cientifico en el que se cimientan los objetivos
y la motivaciéon de los resultados descritos en este trabajo. Las siguientes partes de esta tesis,
comprendidas entre los capitulos cuatro y nueve, exponen los resultados y observaciones de
especial interés cientifico logrados en la sintesis con precisién atémica de distintas nanotiras

Q
(op

Figure 2: Precursores moleculares empleados en esta tesis. (a) 4,4"-dibromo-1,1":4",1"-
terphenyl (DBTP), (b) 2",3'-dibromo-9,9':10",9"-quateranthracene (DBQA), (c) 2,2'-dibromo-
9,9'-binthracene, (d) 2,2,10,10’-tetrabromo-9,9'-bianthracene and (e) 2,6’-dibromo-9,9’:10,9"-
teranrthracene.
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Figure 3: Esquema descriptivo de parte de los resultados obtenidos con las nanotiras
de grafeno de tipo armchair. (lzquierda) Imagen STM tridimensional donde se aprecian
segmentos estructuralmente perfectos a nivel atémico de todas las anchuras de aGNRs estudi-
adas en este trabajo. (Derecha) Grafica donde se aprecia los resultados espectréscopicos de las
bandas de valencia y conduccién de las nanotiras de tipo armchair asi como el valor de energia
a partir del cual se da el escenario de ‘Fermi-level pinning’.

de grafeno y en la caracterizacion de su estructura electronica en las distintas superficies
metalicas empleadas en los experimentos. Estos resultados se dividen en dos partes, centran-
dose primeramente en las GNRs de tipo ‘sillon’ (o en inglés, ‘armchair’) y seguidamente en
las GNRs de tipo quiral (o en inglés, ‘chiral’), siendo en esta ultima parte en la cual se ha
dedicado més esfuerzo y, por lo tanto, la mas extensa de la tesis.

La figura 2 muestra los modelos esquemdéticos de los distintos precursores moleculares
empleados en este tesis. Siguiendo el orden de los capitulos tal y como se desarrolllan en
este trabajo, en primer lugar se ha utilizado el precursor molecular 4,4”-dibromo-1,1’:4",1"-
terphenyl (DBTP) (figura 2.a) para la sintesis de GNRs de tipo ‘armchair’ (aGNRs) sobre la
superficie de oro (111). Sobre esta superficie, las moléculas de DBTP forman cadenas lineales
de poli-para-fenileno (en inglés, ‘PPP nanowires’) mediante el acoplamiento de Ullmann para
formar aGNRs de distinta anchura mediante la fusion lateral de las tiras PPP, dependiendo
la anchura final de las aGNRs del numero de tiras PPP que se fusionana en cada caso. En
la figura 3.a podemos apreciar un imagen STM donde se distinguen aGNRs pertenecientes
a la familia 8p con una anchura que varia desde las seis hasta las quince lineas diméricas
(N4). La sintesis de estas estructuras con precision atomica, nos ha permitido caracterizar su
estructura electréonica medainte STS, observando como presentan un cardcter semiconductor
el cual se escala inversamente proporcional a su anchura, tal y como establecia anteriormente
la literatura cientifica tanto a nivel teérico'®1® como a nivel experimental.'®

Sin embargo, esta sintesis de aGNRs pertenecientes carece de un control sobre el producto
final debido a que la fusién lateral de tiras PPP es un proceso ‘aleatorio’ dado que, mediante
esta metodologia y sobre este substrato, no se puede controlar el nimero de nanotiras PPP
que se fusionan en cada caso. Para otorgar selectividad a este proceso, hemos realizado la
misma reaccion sintética sobre la superficie escalonada de oro (322) tal y como se ilustra en
el capitulo 5. Ksta superficie, presenta una serie de terrazas supericiales ordenadas y con
la misma anchura. Es precisamente esta anchura la que limita la fusién lateral de las tiras
PPP limitando el proceso a la formacién selectiva de 6-aGNRs. Esto resulta en una muestra
ordenada a nivel macroscéopico donde la mayoria de los 6-aGNRs estan orientados en una
direccién determinada, permitiendo la caracterizaciéon de su estructura electrénica mediante
ARPES, para cada una de las etapas sintéticas.



Figure 4: Descripicén esquematica de la estructura electrénica de las nanotiras de
grafeno de tipo quiral de anchura pequeia.

En el siguiente capitulo seis, mediante el empleo del precursor molecular que se muestra
en la figura 2.c, hemos sintetizado GNRs de tipo quiral en distintas superficies de Au(111),
Ag(111) y Cu(111), resultando efectiva la sintesis en todos ellos. Esta eficacia reside en la
reactividad preferente de los precusores en sus posiciones halogenadas, las cuales son distintas
en comparacién con el precursor molecular empleado originalmente para sintetizar 7-aGNRs.!!
Comparando ambos precursores, aquel que forma nao-tiras de tipo ‘armchair’ y aquel que
forma GNRs de tipo quiral, y con el fin de evaluar que la reactividad de ambas posiciones
halogenadas en el mismo precursor, hemos empleado la molécula que se muestra en la figura
2.d sobre la superficie Au(111). Los resultados demuestran, tal y como explica en el capitulo
siete, como el proceso sintético resulta en el mismo tipo de nanotira que mediante el empleo
del precursor dibrominado de la figura 2.a debido a una mayor actividad catalitica del sustrato
metélico sobre las posiciones halogenadas del precursor que dan pie a la formacion de GNRs
quirales.

Sin embargo, este proceso esconde mas puntos de interés ya que atendiendo a la quiralidad
de los productos, las nanotiras pueden presentar dos tipos de pro-quiralidad. Para evaluar
la estereoselectividad de este proceso, la mezcla racémica de precursores DBBA utilizada
anteriormente se trata para poder aislar mayoritariamente los dos distintos enantiomeros.
Mediante el uso por separado de cada enantiémero, hemos comprobado que esta reacciéon
posee una gran esteroselectividad ya que durante todo el proceso sintético la quiralidad innata
de cada enantiémero es transmitida a lo largo de la reaccién para formar mayoritariamente
un solo tipo de nanotira pro-quiral.

La eficacia sintética nos ha permitido caracterizar la estructura electréonica de las nano-
tiras quirales mediante STS. Este tipo de estructuras prseentan una brecha energética de ~
670 meV, demonstrando asi su cardcter semiconductor. Sin embargo, en nuestro estudio no
observamos la presencia de estados de borde en este tipo de nano-tiras quirales. Debido a
que la teorfa estipula que este tipo de GNRs deben presentar una anchura minima para que
puedan albergar dichos estado de borde, hemos utilizado precursores moleculares que contiene
més grupos antracenos (ver figura 2.b,e) de manera que obtenemos el mismo tipo de nanotira
quiral pero con una anchura creciente. La caracterizacién de la estructura electrénica de
estas tiras més anchas muestra la presencia de estados de borde cercanos al nivel de Fermi de
nuestro sistema.
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Part 1

Introduction

The first part of this thesis aims to describe the backgorund underlying the dif-
ferent experimental results shown in later sections. For this reason, this part is
divided in three chapters. To begin with, we describe the scientific frame and
most relevant achievements in the field defining the context, and hence the moti-
vation, of the work presented here. Secondly, a brief introduction to the different
experimental equipments employed in htis thesis is provided together with aspe-
cific description of the main equipments used. Lastly, we descibe the electronic
properties of graphene and graphene nanoribbons from a theoretical point of view.






Chapter 1

Scientific context and Motivation

In this first chapter, we briefly review the historical background giving birth to what we
currently term as nanoscience and nanotechnology. Then we introduce one of the ioconic
materials representing this new age of science, i.e. graphene, which this thesis is based on,
these are, graphene nanoribbons. Next, we describe the different manufacturing strategies of
nanostructures employed in recent years, giving a detalied description of those particularly
used for synthesizing graphene nanoribbons with atomic precission. Aftet that, we describe
graphene nanoribbons parameters relevant for the understanding of their structure-properties
relation. Finally, we briefly talk on the relvance of surface assited reactions in the study of
new synthetic chemical paths.



4 Scientific context and Motivation

1.1 Nanoscience and Nanotechnology

In his seminal speech ‘There’s Plenty of Room at the Bottom’ in 1959 (see Figure 1.1.a), Profes-
sor Richard Feynman disclosed his vision of a precise control over single atoms and molecules
that would lead to the production of future materials presenting new exciting phenomena,
and thus generating a revolution in science and technology.!” This innovative perspective ini-
tiated the emergence of the terms nanoscience and nanotechnology, coined in 1974 by Norio
Taniguchi,! concerning the study of the peculiar properties of nanoscaled materials featuring
sizes from ~1 A to ~100 nm along one of its dimensions. Shortly after Feynman’s speech,
Gordon Moore stated in 1965 his famous prediction declaring that the number of transistros
in a integrated circuit will double every two years, and so the computing power of the different
electronic devices integrating those circuits will experience the same prospering trend.'® This
forecast became thereafter the flagship of a technology revolution. Since then, transistor size
scaled down from 10 gm to ~10 nm,'” giving rise to the creation of increasignly sophisticated
machines, from the first home computers in the 1970s to today’s smartphones in the high-
speed internet society. However after 50 years of succesful Moore’s Law (see Figure 1.1.b),
it slowed down after the 28 nm node and seems to be reaching its limit since barriers ei-
ther technical (as the inherent electrical leakage and resistance) and/or economical (as the
manufacturing cost) increase drastically below transistor sizes of 10 nm.?%2! Moreover, in
such reduced devices, electrical currents start to experience quantum effects, like undesired
electron tunneling between the channel region and the gate, that may drastically alter their
proper functioning.

One the currently pursued approaches towards further miniaturization keep on pushing the
current Silicon-based technology miniaturization forward by expanding the two-dimensional
integrated circuits into three dimensional structures, thus allowing transistors cramming
within an extra dimension.?? A different option beyond Silicon relies on the use nanostructures
made up from a combination of few (or even single) atoms and/or molecules equivalently fea-
turing transistor-like behaviour, in line with Feynman’s vision. This latter solution is termed
as ‘Molecular Electronics’.?>?® The idea of incorporating atoms and molecules into electronic
circuits is considered to begin upon Aviram and Ratner’s theoretical research ‘Molecular Rec-
tifiers’,?® pointing out that a rationally designed aromatic molecule combining donor/acceptor
units and brigded by sigma bonds could resemble the functionality of its macroscopic coun-
terpart. This conception gave rise to an emerging field focused on the synthesis and study of
materials structured at the nanoscale and presenting new structural, chemical and physical
quantum phenomena steming from its reduced dimensionality.
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Figure 1.1: (a) Richard Feynman at Caltech giving his famous lecture entitled ‘There’s Plenty
of Room at the Bottom’ and (b) transistor size reduction as a function of time, illustrating
Moore's Law. The inset shows the same data than in (b) over the last 10 years..
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1.2 Materials of the future: Graphene

One example of these revolutionary nanoscaled materials is graphene. Graphene is defined as
one-atom-thick monolayer of carbon atoms packed into a two-dimensional honeycomb lattice.
These carbon atoms present a sp? configuration characteristic of aromatic molecules where
in-plane 7-like orbitals host the conduction electrons. Therefore, with no real boundaries,
graphene can be considered as an infinite aromatic molecule. Graphene represents the essential
structural component of other carbon allotropes with different dimensionality such as graphite,
carbon nanotubes and/or fullerenes (see Figure 1.2).

More than seventy years ago, first theoretical studies on this material aimed to understand
the electronic properties of its three dimensional allotrope graphite.?” 2 Being a strictly two-
dimensional crystal, graphene was presumed to be thermodynamically unstable in a ‘real
environment’ ® so described as an ‘academic material’ for fundamental studies in condensed
matter physics. After scientists theorized about graphene for years, all of a sudden it came
into reality when graphene flakes were unexpectedly obtained by micromechanical cleavage of
bulk graphite,! by the scientists Andre Geim and Konstantin Novoselov, awarded with the
Nobel Prize in Physics in 2010. Being the thinnest, lightest and strongest material known
to date,5 with the highest electron* and thermal conductivity,” and nearly transparent,? its
wide-ranged potential applications early fascinated the scientific community.> However, a
relevant drawback of graphene is the lack of an electrical bandgap that considerably limits its
implementation into electronic devices needing large current on/off ratios.

Figure 1.2: Graphene allotropes. Representation of (top) graphene and (bottom) some of its
common allotropes: from left to rigth, fullerenes, carbon nanotubes, and graphite. Adapted
from ref.®
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1.3 Opening a gap in graphene: graphene nanoribbons

Bandgaps of > 0.4 eV are required for digital-logic applications at room-temperature.?? Dif-
ferent alternatives can potentially create a bandgap in graphene.? As a way of example,
structural strain could solve this problem,*® 37 however the strain required for opening a gap
is extremely high and basicaly not reasonably feasible. In addition, gaps of ~0.7 - 1.0 eV
are obtained via doping or functionalization either with atoms or molecules***7 albeit the
chemical procces inevitablily leads to a drastic reduction of the mobility. Nevertheless, one
promising way to induce a bandgap in graphene is the electronic confinement.*® This alterna-
tive relies on reducing one of its dimensions below ~10 nm thus being now a one-dimensional
structure, commonly referred as graphene nanoribbons (GNRs). GNRs hold many of the
fascinating properties of graphene but, in addition, the confinement of electrons due to their
nanometer width and the presence of finite edges opens a bandgap and provide these ribbons
with new electronic properties.

Primarily, we can classify GNRs depending on their edge orientation. In accordance with
graphene’s high-symmetry directions, these orientations are zigzag and armchair directions
(see Figure 1.3, red and blue vectors). Consequently, those ribbons growing along the for-
mer(latter) orientation are termed as zigzag(armchair) GNRs. Alternatively, a combination of
zigzag and armchair directions result into different low-symmetry crystallographic orientations
which can define a new family of GNRs. These low simmetry-orientations are characterized by
a chiral angle 6 (see Figure 1.3, purple range), as the ribbons that they define. The edge struc-
ture is the main parameter defining the expected properties for each ribbon. From a general
theoretical point of view, on the one hand, zigzag GNRs (zGNRs) are gapless and can host
spin-polarized electrons tightly localized at their edges, 149754 with an (anti)ferromagnetic

coupling along the (opposite)same longitudinal edges.®® On the other hand, armchair GNRs
(aGNRs) have a semiconductor character which can be modulated by tuning the width of the
ribbon, and do not present edge localized states.!®1%:49:56-58 Finally chiral GNRs (chGNRs)
can potentially show both the characteristic properties of armchair and zigzag GNRs, i.e. a
semiconductor electronic character and spin-polarized edge states.?? %3 Due to these exotic

features, GNRs hold great interest for many different applications, ranging from capacitors,
67,68

64

batteries,%* gas sensors,% photodetectors,,®® transistors,®® thermoelectric devices, or in-

tegrated circuits.%?

Figure 1.3: Graphene’s high-symmetry crystallographic orientations: (red) zigzag and
(blue) armchair. (Purple) range of chiral low-symmetry crystallographic orientations. The
chiral vector exemplified in this figure (in purple) corresponds to the chiral vector (m = 4,
n = 1), therefore the ribbon resulting from that edge orientation would be the (4,1) chiral
GNR.
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1.4 Manufacturing GNRs: top-down and bottom-up strategies

The production of precise nanostructured materials is a technological challenge. The two
main strategies for patterning surfaces and devices down to the nanoscale in a controlled
and repeatable manner are the top-down and bottom-up methodologies™ 7 (see Figure 1.4).
On the one hand, the top-down strategy is based on the formation of structures from bigger
source materials, with fabrication methods such as lithography, masked etching, writing, thin
film deposition, stamping, etc., to pattern nanoscaled structures with an acurracy of <100
nm.”® This apporach is commonly used, for example, to create integrated circuits from bare
Silicon wafers. On the other hand, the bottom-up approach seeks to create structures by
the interconnection of smaller entities which, at the nanoscale, are mainly molecules and/or
atoms.”” The controlled arrangement of such small components rely on the basic chemical
interactions between them, from weak Van der Waals forces, to the stronger cohesion energies
given in covalent, metalic or ionic bonds.

Both approaches have been used for the production of graphene nanoribbons. Neverthe-
less, the final structural result greatly differs depending on the employed methodology. To
begin with, the top-down strategies involve different lithographic methods,”® 83
otubes unzipping,® 88 graphene sheets sonochemical-cutting®® and etching approaches.
Unfortunately, given the extremely sensitivity of GNRs’ properties to the minimum struc-
tural defect,?10:99:100 3]] these top-down approaches do not attain the appropiate synthetic
accuracy to obtain the smooth-edged, defect-free ribbons required to access the pristine elec-
tronic structure of these nanomaterials. The different bottom-up methodologies providing
GNRs involve techniques like wet chemistry,'%'19 sonochemically-cutted graphene sheets,
and chemical vapor deposition'® 199 among others, but similarly these techniques failed to
attain a reproducible synthesis of defect-free GNRs featuring widths smaller than 10 nm, as
required for inducing a semiconducting bandgap.!'?
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Figure 1.4: Top-down and bottom-up nanostructures manufacturing strategies. (a)
Nanomechanical electrometer obtained by electron-beam lithography,”® (b) patterned films
of carbon nanotubes obtained by microcontact printing and catalytic growth,”* (c) regular
metal-organic nanoporous network integrating iron atoms and functional molecules,”? and
(d)Xenon atoms forming the word ‘IBM’ positioned with the tip of a scanning tunnelling
microscopes.’”® Figure adapted from ref.”*




8 Scientific context and Motivation
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Figure 1.5: Schematic representation of the methodology for connecting functionalized
molecular precursors. Taken from ref 11!

Nevertheless this goal was achieved in 2010 by the group of Prof. R. Fasel who, based
on previous works reporting the controlled linking of molecular precursor'!! (Figure 1.5) and
the formation of aromatic rings from 7-conjugated molecules,''? 113 developed an on-surface
chemical methodology yielding atomically-precise GNRs with the appropiate dimensions.'!
Figure 1.6.a depicts the overall process. After depositing the molecular precursors onto a
catalytic metallic substrate, this approach involves two synthetic steps triggered by thermal
annealing. Firstly, brominated aromatic molecules undergo dehalogenation and the formation
of new carbon-carbon covalent bonds at the dehalogenated positions, hence forming non-
planar linear polymers (Figure 1.6.b). This reaction is known as Ullmann coupling,'? !4
and it is assisted by the catalytic effect of the substrate (being Au(111) and Ag(111) in this
particular example).!! Secondly, cyclodehydrogenation is induced at higher temperatures. In
this synthetic step, the internal carbon-hydrogen bonds are broken and new carbon-carbon
are formed resulting into planar GNRs (Figure 1.6.c,d).

G Precursor monomer ‘Biradical’ intermediate \b“
X 3

Figure 1.6: On-surface bottom-up synthesis of atomically precise 7-aGNRs. (a)
Schematic representation of the whole synthetic process. STM images of (b) the polymer
and (c) final 7-aGNRs resulting from precursor 1 in (a). (d) Bond-resolved nc-AFM images
of the 7-aGNR. Images in (a-c) are taken from ref.!! Images in (d) are taken from ref.}15
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1.5 Tuning graphene nanoribbons’ band gap

Beyond the primary classification imposed by the edge orientation (section 1.3), there are
more parameters tuning GNRs’ properties such as the width, the edge structure, the doping,
as well as the length and longitudinal termination'?* (see Figure 1.7). This fact remarks
the versatile, strong structure-property relation present in these nanostructures. To begin
with, as will be shown in chapter 4 and 9 of this manusript, the width can modulate or rule
the band structure predicted for each kind of ribbon.'416:59:62:125 The common convention
employed to describe GNRs’ width, with respect to their edge orientation, is given by the
number of carbon dimer lines (N4) for aGNRs, and the number of carbon zigzag lines (Nz)
in the case of zGNRs, as shown in Figure 1.8. There is no specific settled notation to describe
particularly the width of cGNRs. The different ratio between armchair- and zigzag-like edges
that can give rise to the formation of cGNRs of disparate chiral orientations. Intuitively, the
width of those cGNRs formed by a majority of armchair or zigzag-like edges can be accurately
defined by the notation employed for the kind of edge which is present in a major proportion
(with respect to its counterpart) in its periodic chiral edge orientation. That is, the width of
c¢GNRs which present a major proportion of armchair-like edges are easily described by the
notation employed for aGNRs and wvice versa. Nevertheless, cGNRs with a major proportion
of zigzag-like edges are the common synthetic objectives since those are the kind of cGNRs
which can hold, from a theoretical point of view, the spin-polarized states related to the
zigzag-like edges.*® So, the width notation employed for zGNRs is the one commonly applied
to ¢cGNRs, as done with the cGNRs studied here.

Edge orientation Width Edge structure Doping Long. termination

a d g j and
Length

-CH, termination

J
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Figure 1.7: Classification of graphene nanoribbons’ structural parameters. GNRs clas-
sified by (a-c) edge orientation, (d-f) width, (g-i) edge structure,(j-1) doping, and (m)
longitudinal termination and length. Figure adapted from ref.11® including (a) ref.,'*® (c,i)
ref.,'17 (d) ref., 118 (e) ref.,M1% (f) ref.,'® (g) ref., 120 (h) ref. 'l (j) ref., 12! (k) ref,122 (1)
ref.123 and (m) ref.124
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Figure 1.8: Classification of graphene nanoribbons by edge orientation. GNRs growing in
the (a) zigzag, (b)armchair and (c) chiral orientation.

Despite some works describe the width of GNRs with different edge structure,'?6:127 yet

there is no general formalized notation for them. In the case of GNRs functionalized with
peripherical functional groups, their width is described as their non-doped analogues. Using
bottom-up on-surface synthetic methodologies (section 1.4), GNRs width can be precisely
tuned by the designed of a suitable molecular precursor,'?® or alternatively by the lateral
fusion of previously formed GNRs.!25,129-138

GNRs’ edge structure is defined by the periodic combination of armchair- and zigzag-like
edges characterizing ribbons which do not grow along a single crystallographic orientation.

Changes in the edge structure as displayed in the examples of figure 1.7 require a case-
by-case study and description, as they lack a systematic variation Regarding this parameter,
we highlight here the extensive work reported on the synthesis and electronic structure char-
acterization of chevron graphene nanoribbons (cGNRs), both on single pristine,!!>140-142
different edge-structured!?6:143 ¢cGNRs, as well as on heterojunctions, 23 144-148

While the bandgap value of GNRs can be controlled in terms of width by the smart
pre-design of molecular precursors, the alignemnt of GNRs frontier orbitals with respect to
Fermi level of a metal electrode is equally relevant for the development of GNRs-based de-
vices such as field-effect transistors.”!3%149 Such a shifting of GNRs bands can be attained
either by extrinsic doping, i.e. the co-deposition of doping agents,'®® or by intrinsic doping
methodologies.!®! GNRs intrinsic doping involves the alteration of their pristine structure
either by the substituion of carbon atoms forming the ribbon skeleton by akin atoms (termed
here as ‘internal doping’)(see Figure 1.9.b), or by adding chemical functional groups to the
longitudinal edges of the ribbons (termed here as ‘external doping’ or ‘functionalization’). In
the case of internal doping, the range of atoms suitable for being embedded in GNRs skele-
tons at the carbon atom positions is very limited taking into account that these atoms must
have a similar atomic size and orbital configuration (Figure 1.9.a). Apart from inducing a
band shifting, some works reported on the creation of new frontier bands.'?71%5 Lastly, as
recently observed,'?* the length can have an relevant influence on GNRs bandgap when they
are shorter than a threhold length at which bandgap values converge.

or
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Figure 1.9: Graphene nanoribbons’ intrinsic doping examples. (a) Chemical elements suit-

able for substitute carbon atoms (in orange) either inside and at the edges of the carbon
skeleton (in blue), or just at the edges (in green) (b) (Top) Schematic model of boron-doped
7-aGNR and (bottom) corresponding nc-AFM image of the ribbon. Adapted from ref.1?! (c-
e) nc-AFM images of (c) nitrogen-, (d) oxygen-, and (e) sulfur-doped chGNRs whit schematic
models (inlets) corresponding to the structure inside the white dashed rectangles. (f) dl/dV
spectra of examples shown in (c-e) where the band shifting exerted by the doping effect is
clearly evident in comparison with the pristine ch-GNR spectrum (in black). Data in (c-f)
adapted from ref.139
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Figure 1.10: Molecule-metallic adsorbate interaction as a function of the length (a)

Molecules in gas phase, (b) in a molecular solid(c) and adsorbed on a metal substrate.
Copied from ref.150
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1.5.1 Substrate influence on graphene nanoribbons’ bandgap

Most of experiments involving the electronic structure characterization of GNRs have been
performed on a metallic substrate, since their catalytic effect is required for the synhtesis
of these structures (see section 1.4). Once the GNRs are formed, the interaction of their
orbitals with the electron reservoir of the metallic substrate have a considerable impact on
GNRs electronic structure. This interaction is stronger if the adsorbates are chemisorpted
instead of phisysorpted. In the former, the creation of new bonds leads to an electron transfer
between adsorbate and substrate, while the latter involves a polarization of both adsorbate
and surface. This weaker physisorption scenenario, commonly dominated by VAW forces have
a considerable influence on the adsorbates’ electronic structure.

This screening, known from induced charge redistributions depends on the polarizability
of the surroundings of the molecule, resulting in the reduction of the bandgap. In turn, the
broadening of the frontier molecular bands increases as the hybridization of its sorrounding,
as illustrated in Figure 1.10.1%6 Therefore, the strength of these effects decay from metallic,
to semiconducting, until insulating surfaces as well as with increasing molecule-substrate
distance. The substrates employed are coinage metals (Au, Ag and Cu).

1.6 On-surface synthesis as chemistry testing workbench

On-surface synthesis (OSS) has become nowadays an emerging field making use of solid sur-
faces as substrates for the formation of different advanced nanostructures thorugh the study
of surface-mediated chemical reactions.’®” 161 Most of current on-surface experiments are
based on the use of molecular precursor as building blocks for the production of the desired
products. Therefore according to the fabrication methodologies classification explained in
section 1.4, OSS belongs to the ‘bottom-up’ manufacturing techniques and, according to the
sort of given catalytic processes, OSS rely within the heterogeneus catalysis field.
Although first succesful surface-assisted synthetic reactions date from the end of past 20t
century 162163 the seminal work of Grill. and coworkers in 2010,''? where they reported
on the controlled covalent linking of different porphyrines by the smart pre-desing of the
halogentad positions within these molecular precursors which rules the dimensionality of the
products formed, supposed a strong impulse to this synthetic field. In fact, due to the struc-
tural weakness of self-assembled materials, the current scope in OSS focuses on the creation
of covalently bonded structures, thus presenting the mechanical resistance required for the
subsequent implementation of these nanostructured entities into future generation devices.!6*

OSS offers some advantages not present in conventional wet chemistry, as the reduction of
the reaction barrier energy required for provoking the desired reaction,'6': 165166 which is com-
mmonly provided by thermal heating, thus reducing or avoiding the formation of undesired
byproducts or the degradation or decomposition of the original or intermediate reactants.
In this regard, we highlight the insteresting progress observed reccently in photo-induced
on-surface synthesis,'®” which due to the nature of the energy provided (light), reduce consid-
erably the temperature reached by the system during the synthetic proccess. Moreover, given
the natural dimensionality of the commonly planar substrates employed in OSS, it allows
for the formation of two-dimensional networks hardly obtained by other means. In adittion,
0SS allows sample characterization using sofisticated surface analysis techniques with spatial
resolution with angstroms accuracy such us STM.
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Chapter 2

Experimental Techniques

This chapter provides a general description of the different analytical techniques employed in
this thesis. The study of the growth and the electronic structure of the different nanostruc-
tures is mostly performed with a scanning tunneling microscope (STM). In the first section we
describe the working principle of this technique and its different funcionalities such as scanning
tunneling spectroscopy and bond-resolved imaging by tip functionalization, together with a
schematic description of the sample preparation and the specific equipment(s) employed. In
the last section, we explain the fundamentals of the complementary surface-sensitive tech-
niques used complementary in this thesis, namely, X-ray photoemission spectroscopy (XPS)
and angle-resolved photoemission spectroscopy (ARPES).
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2.1 Scanning Tunneling Microsocopy

Scanning tunneling microscopy represents the first kind of scanning probe microscopes, a
branch of microscopy which uses a physical probe to scan solid surfaces.!%® The development
of STM technology by Gerd Binnig and Heinrich Rohrer in 19812 at IBM Ziirich (Switzerland)
established a new course in the field of surface science, providing unprecedented resolution in
real space to resolve topographic features of flat surfaces down to the atomic scale. Shortly
after, Binning and Rohrer obtained the first STM images of the well-known 7x7 surface
reconstruction of the Si(111) surface,'6? receiving in 1986 the Nobel Prize in Physics for their
outstanding contribution to science. Modern STM instruments can operate at temperatures
ranging from a few miliKelvins'™ to more than 500K'7172 and in different ambient such
as air,!” liquids'™ and or even electrochemical cells,'™ making the STM a key imperative
instrument in surface science laboratory.

The working principle of STM is based on the quantum tunneling effect where electrons,
contrary to classical physics, have a certain probability to overcome a potential barrier, this
is, to ‘tunnel’. In UHV conditions, the vacuum gap between tip and sample represents this
potential barrier. Quantum tunneling is physically attained by approaching a very sharp
metallic tip (typically made of tungsten or platinum-iridium alloy) towards a conductive
surface while applying a DC voltage bias between both. Before tip and sample come into direct
contact, electron wave functions overlap, therefore allowing quantum tunneling at distances
of ~ 1 nm and with current intensities within the nano-ampere range.

Distance control
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Figure 2.1: Common STM desing and imaging methods. Schematic models of a) a common
STM design, b) constant-current and c¢) constant-height imaging modes.
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Figure 2.1.a illustrates a typical STM design. In the common imaging mode, i.e. constant
current mode (Figure 2.1.b), both voltage bias and tunneling current determine a certain
sample-tip distance (or tip height z). Once the tip starts to scan the surface, a computer-
controlled feedback mechanism adjusts constantly this distance by approaching or retract-
ing the tip so that the tunneling current remains constant. Thus, STM images are three-
dimensional images generated by registering the tip height as a function of the tip position
on the sample (xy plane). Making use of a series of piezoelectric transducers attached to the
scanner (the component holding the tip), the tip height is regulated with pico-meter sensi-
tivity. This precise control is possible due to the exponential relation between the tunneling
current intensity and tip-sample distance, as explained in the next subsection 2.1.1.

In addition, complementary constant-height imaging mode (Figure 2.1.c) can be done by
disabling the feedback loop system. In this way, the tip scans the surface at a fixed voltage
and tip-sample distance, and the local current intensity variations create the corresponding
image. This imaging method, is often preferred for mapping the spectroscopic signal because
but requires flat surface areas and a fine scanning plane adjustment to keep the tip height
constant. Moreover, this method is used to resolve the internal structure of aromatic molecules
with CO-functionalized tips as explained later in this chapter.

2.1.1 Tunneling Theory

To provide a basic description of the tunneling effect, we consider a non-relativistic single
electron (without spin) interacting with a squared potential barrier in a one-dimensional
space as depicted in Figure 2.2, considering that the free particle impinges on the barrier
from the left. In classical physics, the system is described as:

p2

2me

+Uy=E (2.1)

where Uy represents the potential barrier energy, and p, me and E the electron momentum,
mass and energy, respectively. In the classical interpretation, if £ > Uy the electron will
overcome the potential barrier having a non-zero momentum and, if £ < Uy, the electron
will not pass the potential barrier and it will be totally reflected. Nevertheless in quantum
mechanics, when £ < Uy the electron has a finite probability to ‘tunnel’ through the potential
barrier due to the quantum wavelike nature of particles. Thus the state of an electron is defined
by a wavefunction that, for a particle with zero potential energy moving to the left in the z
axis, satisfies the one-dimensional time-independent Schriodinger equation:

ho 9?
- 5 57V (@) = Bb(@) 22

In equation 2.2, the term at the left represents the particle kinetic energy where A is the
reduced Planck constant. The wavefunction v (x) satisfying this equation is:

Yi(z) = Aje” " (withi = 1,11,111) (2.3)
where A is the wavefunction amplitude and x; is the wavevector in each region defined as:

2me(E 2m.(Uy — E
KIIIT = h§ )and KT = 2me(Uo — B)

4 (2.4)
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Figure 2.2: Schematic one-dimensional model of wavefunction tunneling through a
squared potential barrier. Regions I, Il and Il correspond to the unidimensional space

where the incident, tunneling and transmited wavefunction is represented. Reflected wave-
functions are suppressed in this scheme for an easier understanding of the main concepts
inviolved in the tunneling effect.

Now it is worthy to mention that [)?(x)| is the probability density, and it is proportional to
the probability of finding the particle in the x 4+ 0z region. Then for > d, the probability
density of the transmitted wave (region IIT) with respect to that of the incident wave (region I)
is proportional to the probability of electrons tunneling through the potential barrier, so-called
transmission coefficient T':

[¥(d)?| ~2rd

T = W07 x e (2.5)

Beyond this one dimensional model for a single electron system, the tunneling current is a
complex process where many electrons are involved. In an attempt to model it, Bardeen
established an early theory applied to the tunneling current of an STM,'76:177 taking into
account the following assumptions:

i. Electron-electron correlations can be ignored.
ii. Tip and sample occupation probabilities are independent of each other and constant,
despite of the tunneling process.
iii. Tip and sample are each electrochemically stable.

Based on Bardeen’s considerations, Tersoff and Hamann developed a simplified model of an
STM tunneling junction with a spherical tip in the limit of zero bias and zero tempera-

ture,!”8 17 gimplified in the following expression:
EF+6V
I, =x / pt(Ep)ps(Ep —eV)T(E,eV,d)OE (2.6)
Ep

Therefore, the tunneling current I is proportional to the number of tip and sample electrons
(density of states p) in the energy window Er+ eV, i.e. the number of electrons participating
in the current, and their probability to tunnel 7' (Equation 2.5). Importantly, this equation
determines that the STM is not sensitive to the surface shape but to its electron density p at
each point, that is, its local density of states (LDOS). The voltage bias polarity, commonly
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applied on the sample, is a crucial aspect as it determines the relative energy alignment of
tip and sample Fermi levels and so, which sample states participates in the tunneling current
(see Figure 2.3). On the one hand, if Ery;;, > Ep,sample, electrons will tunnel from the tip
to the unoccupied states of the sample. On the other hand, if Ery;, < EFsample, €lectrons
will tunnel from the occupied states of the sample to the tip. In the absence of voltage bias
eV, the Fermi level of both tip and sample would be energetically aligned, resulting in no net
electrical current flow.

E
A %\13('

¢t47.

Vacuum

——

Figure 2.3: Model illustrating the dependence of the probed sample states on the volt-
age polarity, being the voltage applied on the sample.

Py

2.1.2 Scanning Tunneling Spectroscopy

As stated in equation 2.6, the tunneling current depends on the applied bias voltage eV, the
tunnelign current intesity I7 (directly related to the transmission coefficient 7'), the tip-sample
distance d and the Fermi level energy of the system Er. Scanning Tunneling Spectroscopy
(STS) quantifies the relation between two of these parameters by keeping constant the third
one. Therefore, we can establish three different modes to perform STS. However, hereinafter
the discussion is focused on the spectroscopic procedure used in this thesis, that is, I-V curves.
Within this method, the feedback loop is disabled and the current intensity is quantified as
the voltage bias is swept at a fixed sample-distance, which is determined by the starting values
of current intensity and voltage (known as set point parameters). Thus, the changes in the
slope of the so measured differential conductance (dI/dV) gives information about the LDOS
of the sample. This relation is justified by differentiating equation 2.6 with respect to the
voltage, as follows:

dl
v & pt(ER) ps(Ep 4+ eV)T(Ep + eV, Ep,d)+

+pt(Er — €V) ps(Ep) T(Ep + €V, Ep, d)+

pe(Ep —eV) ps(E) ————+

n /EFJreV 0T (e, eV, d)
Ep ov

EF+6V _
[ P i ev.ayon (27)
Ep
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Then, assuming that the density of states of the tip p; and the transmission coefficient T" are
constant, we can simplify equation 2.7 as:

dl
av & pt(EF) ps(Ep +eV)T(Ep + eV, Er, d)+

+pt(EF —BV) ps(EF) T(EF—l—eV, Ep,d) (28)

Taking into account that in the first (second) term dominates at positive (negative) bias, we
can assumne that measuring the differential conductance (dI/dV) is proportional to the sample
density of states ps at a given voltage bias eV.
The acquisition of the (dI/dV) signal is commonly obscured by the presence of a noisy envi-
ronment. For this reason, a lock-in amplifier assists in the spectroscopic measurements with
a phase-sensitive detection method. This method is based on adding a reference signal with
a certain frequency and phase to the input signal, so that the lock-in instrument discern this
reference from the noise in the output (see Figure 2.4).

Particularly in STS, the DC tunneling voltage Vr is modulated by a small sinusoidal AC
voltage of the form V54 sin(wt). Thus, the modulated tunneling current I can be described
as a Taylor series:

IT(VT + Vmod Sin(wt)) ~

oI(Vr)

~ (V) =5y

Vinod sin(wt)+
19°1(Vr)

9 eriod sinz(wt) =+ ... (29)

The amplitude of the first harmonic frequency gives a proportional magnitude to that of the
differential conductance signal. In addition, the amplitude of the second harmonic allows to
probe vibrational spectroscopy'®® and and spin-flip dynamics'®! in single molecules by means
of inelastic electron tunneling spectroscopy (IETS).
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Figure 2.4: Schematic representation a lock-in amplifier working principle.
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2.1.3 Bond-resolved imaging resolution by tip functionalization

Despite the powerful imaging resolution of SPM techniques, molecules on surfaces were com-
monly seen as featureless objects, and accessing their internal chemical structure remained
elusive for many years. This limitation arises from the convolution between the molecule
shape and LDOS near the Fermi level in common STM imaging, while deeper chemical struc-
ture information hides in lower-energy orbitals. Nowadays, this drawback is easily overcome
by recent-developed imaging techniques based on the functionalization of the SPM probes
apex with small atoms or molecules that significantly enhance the detected signal. In 2008,
Temirov and coworkers reported an unprecedented sub-molecular resolution with a STM tip
(Figure 2.5.a). Followed shortly after by Gross and coworkers, who reproduced this approach
by means of non-contact AFM (nc-AFM) (Figure 2.5.b).!83 Some years later, Ho’s group
reported on very similar constrast via IETS-STM (Figure 2.5.c).!#* Lastly, the group of prof.
Michael F. Crommie obtained bond-resolved contrast by means of STS,'** employing a simi-
lar methodology to Temirov’s but, in this latter example, the signal measured stem from the
capacitance channel of the lock-in amplifier.

Figure 2.5: Examples of different bond-resolved imaging techniques. (Top) Molecular
models and (bottom) corresponding bond-resolved images obtained by (a) STHM image
of PTCDA (3,4,9,10-perylenetetracarboxylic-dianhydride) molecule with a Dp-terminated tip,
from ref.182 ; (b) nc-AFM image of a pentacene molecule with a CO-functionalized gPlus
sensor, form ref.183 . (c) IETS-STM image of a cobalt phthalocyanine with a CO-decorated
tip from ref.18% and (d) STS map of oxygen-doped chevron GNR from ref.!4* In all the
examples, the images were acquired in constant-height scanning mode.
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In the case of the bond-resolved resolution attained by STM, the metallic tip was func-
tionalized with a Hs (or D) molecule below its condensation temperature, so-called Scanning
Tunneling Hydrogen Microscopy (STHM).!82:185 These probes act as an electrical transducer
turning the short-range Pauli repulsion into a varying signal of the junction conductance, later
replicated with different probing atoms or molecules (CO, Xe, and CHy).'®6:'%7 The enhanced
resolution observed in nc-AFM was achieved after picking up a CO molecule with a quartz
tuning fork (qPlus sensor).'8190 Then this sensor, operated in frequency modulation mode,
is closely approached to the surface and scanned over a pentacene molecule. In close proxim-
ity, the Pauli repulsion modulates the sensor oscillation, providing frequency shift maps that
reproduce the bonding structure as shown in Figure 2.5. This achievement initiated relevant
progresses not only in the elucidation of the internal structure of molecular adsobates, 1198
but also in the analysis of on-surface chemical reactions,'?? 997201 in the study of VAW inter-
actions,?92729 elemental identification by combination with Kelvin Probe Force Microscopy
(KFPM) measurements?%® and even the conformational, adsoprtion and bond-order changes
of molecules as a function their charge state.?°7 Lastly, by means of IETS-STM with a CO-
functionalized metallic tip, energy and intesity variations of a hindered translational vibration
of the probing molecule, sensitive to the spatially varying potential energy landscale of the
adsorbate, are detected though the inelastic electron tunneling channel.

The resemblance of the imaging contrasts achieved in every case underlines the presence
of a common mechanism providing this enhanced resolution. The probe-particle (PP) model
developed by Hapala et al. (Figure 2.6.a) gives a general explanation considering the lateral
force exerted on the tip apex by an interplay between the repulsive Pauli and attractive Van
der Waals (VAW) when the probe is brought into close proximity to the surface and low energy
voltages (commonly of a few milivolts) are applied for scanning the surface in constant-height
mode.?%® In these scanning conditions, the origin of this contrast relies on the predominance
of Pauli repulsion over the long-range forces and the abrupted lateral relaxation of the probing
molecule when scanning over points of maxima potential energy surface (see Figure 2.6.b,c)
However, it has been shown that these sharped relaxation movements of the probing molecule
do not only coincide strictly with the spatial location of chemical covalent bonds,?%?:219 but
also where hydrogen bonds,?!! halogen-halogen bonds,?'? or high electron density areas?'?
are expected. These observations evidenced that Hapala’s PP model can be improved by
including the effect of electrostatic field of the probing molecule.?t4-216
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Figure 2.6: Hapala’s probe-particle (PP) model. (a) Schematic representation of the PP
model. (b) Schematic model of the probe molecule trajectories scanning over a DBTH
(dibenzo[a,h]thianthrene) molecule and (c) frequency shift (top) and surface potential (bot-

tom) along the central cross section of the molecule depicted in (a). Figures taken from
ref.208
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Overall, the chemical inertness of the probing molecule located at the tip apex is crucial
since it drastically reduces the chemical reactivity with respect to the metallic tip (or can-
tilever) when it is brought in close proximity to the surface and , considering that the probing
molecule is the structural softest part of the tip-sample system, the mechanical stress given
at close tip-sample distances is mainly released through the lateral relaxation of the ending
molecule, therefore neglecting adittional surface relaxation at least for planar adsorbates. In
adittion, although the bond-resolved examples considered above are generally limited to tem-
perature conditions of 4K or lower, near the absolute zero, recently some experiments achieved
the same enhanced imaging resolution at liquid nitrogen temperature,?!7-2!8
temperature.219

and even at room

2.1.4 Common methodology to functionalize tips in this thesis

Bond-resolved images were acquired with tungsten tips functionalized with a CO molecule.
Despite CO molecules can be picked up directly from the common metallic substrate employed
in most of the experiments of this thesis, i.e. Au(111), the adsorption energy of this surface,
although being relatively low compared with other metallic substrates,??® yet is high enough
to slow down a fast and effective usual tip-functionalization procedure. For this reason,
monolayered NaCl islands were formed on Au(111) before dosing the chamber and hence
the microscope and the sample with CO gas. Disregarding any kind of unexpected chemical
bonding with the substrate, the adsorption of CO molecules on insulating layers like NaCl
is known to be less energetic than those of metallic substrates,??! therefore reducing the
attractive forces required from the tip to pick the CO molecule up. To form the monolayered
Na(Cl islands, high-purity powder of the salt were evaporated at 500-580°C from a commercial
Knudsen cell onto the gold substrate held at RT. Then, the sample is slightly annealed up to
~60°C to form flat, large, monolayered NaCl islands with smooth edges. Iigher annealing
after deposition results into smaller, multilayered islands while deposition with the substrate
below RT and no post-annealing results into very small, rough-edged and holed monolayered
islands where the CO picking gets more complicated.

Once the adequate NaCl islands are formed, the STM chambers are dosed with high-
purity CO gas to pressures of ~10 E7 mbar, afterwhat the micrsocope shields are open for >1
minute. This commonly results in a relatively low surface coverage of CO molecules, suitable
to avoid imaging difficulties due to an excess of adsorbates in the surface (or attached to the
different nanostructures of interest) yet high enough for easily picking the CO molecules up
since they are clearly discernable on top of the NaCl islands (see Figure 2.7.a). The prodecure
to functionalize the tip is fairly simple. Scanning over the CO molecules adsorpted on the
NaCl with a bias voltage of ~1.0 eV and a tunneling current of >100 pA commonly results
into an almost immediate picking up of the molecule, what is clearly obvious at the moment
since the resolution instantly changes revealing a characterictic CO shape and the squared
lattice of the of NaCl atoms (see Figure 2.7.b, below the blue arrow), evidencing the enhanced
resolution from sharper tip.

2.1.5 Scanning Tunneling Microscopes employed in this thesis

The results shown in this thesis were mainly obtained by means of low-temperature STM (LT-
STM), using two different equipments. Both of them consist of two chambers, i.e. the sample
preparation chamber (with sputter gun, mass spectrometer, quartz micro balance (QMB),
gas inlet valves and a load-lock chamber) and the microscope chamber (with liq. Ny and
Hy cryostates able to reach ~ 5K and the microscope head); four peumatic dumping legs, a
complete UHV vacuum system (with scroll, turbo and ion pumps) and a manipulator. In the
following sections, we give a brief description of the peculiarities of each microscope.
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Figure 2.7: Pickcing CO molecules with the STM tip from NaCl islands on Au(111). (a)
STM topographic image (52.1 nm x 50.8 nm, Vs= 0.4 V, l;= 220 pA). (b) STM topographic
image (12.5 nm2, Vo= 1.1V, l,= 880 pA). It is clearly visible in the images the characteristic
CO shape with a metallic tip (green arrows) and with a CO-functionalized tip (red arrows).
The change in the constrast resolution (blue arrows) is instantly and clearly noticeable upon
picking up a CO molecule with the tip (yellow arrow), as well as the squared lattice of the
NaCl atoms in image (b) (below the blue arrow). Au(111) herringbone reconstruction is
visible under the NaCl islands (pink pointed line).

Figure 2.8: Home-made ‘Milano’ STM equipment employed in this thesis. Located at CIC
nanoGUNE cooperative research center. Numbered circles correspond to (1) manipulator, (2)
load-lock, (3) preparation and (4) microscope chambers; (5) cryostates, (6) optical microscope
for placing the sample in the microscope head; (7) scroll, (8) turbo and (9) ion pumps; (10)
pneumatic dumping legs, (11) mass spectrometer and (12) molecular evaporators (at the
back, not visible from this perspective).
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‘Milano’ STM

This LT-STM equipment (see Figure 2.8) was designed by Prof. Gerard Meyer and Dr. Sven
Zoéphel and built by Christian Roth and Dr. Mico Alemany in 2003. The microsocope head
design is a Besocke ‘beetle’ type,??? as shown in Figure 2.9. Apart from the common dumping
system, the micrsocope is placed on top of a ~35 tonnes concrete block isolated from the whole
building by a different pneumatic damping system. The experimental measurements were
carried out using a Createc DSP and HV amplifier units, and the spectroscopic measurements
were acquired using an external Standford Research SR830 lock-in amplifier. In order to clean
the substrates surfaces, sputtering is performed with neon gas in a closed environment once
that certain neon pressure is reached.

Figure 2.9: Milano's LT-STM ‘Beetle’ head photograph. Numbered circles correspond to
(1) piezo scanner, (2) STM tip, (3) Au(111) sample, (4) coarse piezos and (5) ramp.

Figure 2.10: Commercial ‘Apollo’ LT-STM equipment employed in this thesis. Located at
Materials Physics Center research center. Numbered circles correspond to (1) manipulator,
(2) load-lock, (3) preparation and (4) microscope chambers; (5) cryostates; (6) scroll, (7)
turbo and (8) ion pumps (inside the metallic ; (9) pneumatic dumping legs, (10) mass
spectrometer and (11) molecular evaporators.
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‘Apollo’ STM

‘Apollo’ is a Scienta-Omicron commercial LT-STM installed at the Physics Material Center
(see Figure 2.10). The microsocope head design is ‘single-tube’ type.?22 The experimental
measurements were carried out using a Nanonis control electronics and its integrated internal
lock-in amplifier. In order to clean the substrates surfaces, sputtering is performed with argon
gas in a closed environment once that certain neon pressure is reached.

Figure 2.11: Apollo’'s LT-STM ‘single-tube’ head photograph. Numbered circles corre-
spond to (1) piezo scanner, (2) STM tip, (3) sample holder and (4) coarse scanner and (5)
dumping springs.

Sample preparation and ultra high vacuum conditions

The common sample preparation involves different stages. First of all, the surface of the
substrates are cleaned down to the atomic scale by applying different cycles of sputtering
and annealing on it. In the former process, a beam of acelerated ions is directed towards
the surface so that the first surface layers get ‘bombarded’, removing all the impurities (and
lots of metallic atoms of the substrate) fromt he very first layers of the surface. This result
into a high irregular surface topography which is flaten afterwards by thermal annealing to
temperatures close to the melting point of the metallic or alloyed substrate. One might repeat
these cycles several times until reaching a surface cleaness suitable for the experiment.

Simultaneously, molecules are placed in a Knudsen cell which, together with other different
structural and electrical components, compose a so-called molecular evaporator. Once the
precursors are loaded in the evaporator, this is attached to the preparation chamber and got
into UHV vacuum conditions. The Knudsen cell is surrounded by a thin metallic wire and
connect to some external electrical connections so one can apply an electrical current through
the connection. Therefore, the electrical resistance heat the metallic wire and this heat is
transmitted to the molecules and monitored with the help of a temperature diode. As some
temperature related mainly with the molecular weigth of the precursor, it start to sublimate
(not evaporate, since there is no solvent in UHV conditions). Hence, at this point, a molecular
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flow composed of sublimated molecules start to travel through the preparation with a certain
direction ruled by the relative position of the Kundsen cell hole with respect to the chamber
structure. The rate of this molecular flow, this is, the number of molecules (in weigth) por
unit of time crossing the inside of the chamber in that direction can be monitored with a
quartz microbalance (QMB), which is an instrument sensitive to the mass deposited in a gold
rod detector. This rate known, one can control the number of molecules deposited on a certain
surface by simply controlling the deposition time. The substrate surface is then oriented to
the molecular flow. Once that the desired amount of precursors are placed on top of the
surface (or other molecules which previously reached the surface), the sample (precursors
and substrate) can be heated by electrical resistance or e-beam heating, and the temperature
can be monitored by another temperature diode or (infrared instruments ocassionally). This
heating provoke (or not) the different surface-assited reactions as a function of the sample
heating.

All the samples considered in this thesis were prepared under ultra high vacuum con-
ditions. These pressure conditions (pressures below 1.0mbar) are obtained through the
complementary use vacuum pumps, namely scroll, turbo and ion pumps. These conditions
are required since the analysis of surfaces down to the atomic scale are extremely sensitive to
the minimum elemental contamination so needing of atomically clean surfaces to avoid the
presence of undesired adsorbates or byproducts that could hamper the study of the chemical
and physica phenomena observed in an STM experiment.
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2.2 Photoemission spectroscopy

Photoemission spectroscopy (PES) has been established as one of the most relevant techniques
to study the collective behaviour of electrons in solids, liquids or gases, this is, to study the
electronic structure of different materials. The first experiments revealing the interaction
of light with solids, were performed by Heinrich Hertz, in 1887,2* and Wilhem Haawachs,
in 1888.2%% Based on the use of the photoelectric effect, PES relies on the analysis the
electrons emitted by a material upon being irradiated with light, making feasible to understand
the fundamental physics laws dominating the behaviour of bound electrons, related to the
chemistry of materials and therefore having notable applications in different areas fields such
as surface chemistry and materials science.

Some examples of this familiy are X-ray photoemission spectroscopy (XPS) and angle-
resolved photoemission spectroscopy (ARPES). The analysis of ejected electrons from the
sample offers a way to experimentlly probe the properties of matter. Depending on the
ionization surce employed for probing the samples, we can distinguish between X-ray and/or
Ultraviolet PES for probing the filled electronic states. In the following sections we will focus
on the case where filled bands are probed by means of XPS and ARPES.

2.2.1 Photoelectric effect and three step model

The photoelectric effect (see Figure 2.13.a) was initially discovered by Hertz in 1887,22* and
later explained by Einstein,??” and explains the mechanism by which a metal emits electrons
when light shines on it. These emitted electrons are so called photoelectrons. The process can
be explained using the three step model shown in Figure 2.13.b in which, firstly, an electron
is optically excited, secondly, it travels to the crystal surface. Along its path, electrons may
suffer scattering events with other electrons, phonosn, or plasmons and lose their initial energy
and momentum information. The distance travelled by an electron before being scattered is
refered as the mean free path (see Figure 2.12), and depends on the initial energy of the
electrons. The core electrons (valence electrons) have a characteristic kinetic energy values
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Figure 2.12: Electron mean free path in solids as a function of the kinetic energy. The

dots are experimental measurements while the dashed curve is the theoretical calculation.
Copied from ref.?2¢
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of ~ 100-500 €V (0 - 50 €V) and a mean free path of ~ 0-10 A. This, indeed, is why PES is
a surface sensitive technique , since the electrons originated in the very first layers have less
probability of being scattered and more probabiltiy of reaching the surface. In the last part of
the three step model, electrons overcome the surface work function (¢) and are ejected to the
vacuum with a certain kineti energy (FEj). The kinetic energy of the ejected electrons can be
measured with an electron energy analyze, as well as their dependence on the emission angle.

Consequently, from the kinetic energy (E)) of the outgoing electrons and, knowing the
Fermi level energy Ep of our system, we can calculate the electron binding energy (FEp).
Moreover, the momentum of the electrons inside the solid can be determined through the
energy of the ejected electrons and the emission angle.
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Figure 2.13: Photoemission models. (a) Photoelectric effect and (b) three step model de-
scribing the path followed by the photo ejected electron until it scapes from the surface.
Copied from ref.228

2.2.2 X-Ray Photoemission Spectrocopy (XPS)

The photoemission of electrons in CLs is measured with low-energy X-rays sources with typ-
ical energies of ~100-1500 eV. The binding energy of CLs represent chemical fingerprints of
the elements and accessing these values is what defines the well-known elemental sensitivity
of X-ray photoemission spectroscopy (XPS). This technqgiue can be used for studying the
chemical structure of molecules and in-situ follow chemical reactions. Since the BE of an elec-
tron depends on the nucleus potential well, in an XPS spectra, electrons of different atomic
elements. Moreover, XPS is also sensitive to the electronic environment around the atom or
molecule, revealed again as changes in the measured BE.

Temperature-dependent X-ray photoemission spectroscopy‘(TD-XPS)

Temperature-dependent X-ray photoemission spectroscop (TD-XPS) is a powerful tool for
studying in-situ chemical reactions on surfaces. The experiment is based on tracking the te-
perature evolution of a certain CL signal, normally elements involved in the chemical reaction.
Taking into account that XPS can address the bonding nature of elements and considering that
on a chemical reaction, bonds are either formed or destroyed, the CL temperature evolution
of certain elements are the fingerprints of chemical reactions.
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2.2.3 Angle-Resolved PhotoEmission Spectrocopy (ARPES)

The geometry of an ARPES experiment is shown in Figure 2.14. The ionization sources
commonly employed are Ultraviolet. ARPES equipments measure the momentum and energy
of the electrons in the VBs of a crystal, emitted during the photoelectric proccess, what is
possible due to the energy and momentum conservation laws??? by collecting the photoelec-
trons with an electron kinetic energy E} for a given emission angle. Thus, the wave vector
momentum k = p/h of the photoelectrons in vacuum is also completely determined: its mod-
ulus is given by k = /2mEk /I and its component parallel (k| = ks + k) and perpendicular
(k1 = k ||) to the sample surface are obtained in terms of the polar ¢ and azimuthal ¢
emission angles defined in the experiment.

The k components are defined in terms of the previous parameters by the following equa-
tions:

ky = —v/2m Ey, sint cos ¢ (2.10)
1
ky = ﬁ\/2mEk sind sin @ (2.11)
1
k, = ﬁ\/2mEk sind (2.12)

Thus, although an ARPES equipment needs of ordered sample to get a coherent signal, it
represent a striking relevant instrument in a surface science lab since it is capable of measuring
the dispersion of electrons in filled bands, a key parameter to define the charge carrier mobility
in crystalline materials.
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Figure 2.14: Geometry of an ARPES experiment. Copied from re
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Chapter 3

Graphene Nanoribbons’ Electronic
Structure

Different theoretical approaches have been employed to define the electronic properties of
graphene and graphene nanoribbons from a theoretical point of view, from qualitative models
like Clar‘s theory,?? to quantitative ones like density functional theory (DFT) or thight-
binding (TB) approaches.?3! In this chapter, with the focus on the TBI approximation and,
considering straigth planar GNRs with edges pasivated by hydrogen atoms, we give a detailed
explanation of the theoretical conception of these nanostructures.



30 Graphene Nanoribbons’ Electronic Structure

3.1 Graphene’s electronic structure

A fundamental knowledge on graphene’s electronic structure is a necessary step as it is the ba-
sis for understanding the electronic properties of derived allotropes such as graphene nanorib-
bons. The hexagonal crystallographic structure of graphene can be rationalized as two hexag-
onal sublattices A and B with a basis of two atoms per unit cell as shown in Figure 3.1.a.
This lattice is described by the primitive vectors a1 and as as follows:

@ = %(3, V3)  ap= 3(3,—\/3) (3.1)

where a represent the distance between carbon atoms with an approximate value of 1.42 A 232
The corresponding Brillouin zone is represented in Figure 3.1b, where the reciprocal vectors
aj and a3 are given by:

- 27 - 27

af = 3-(1L,V3)  aj=-(1,-V3) (3:2)
Then, the three nearest-neighbor vectors in real space that defines the translation between
the two triangular sublattices are described as:

51 = g(l, V3) b= 3(1, ~V3) 8 =a(-1,0) (3.3)

Graphene electronic structure can be described from either a qualitative, as Clar’s theory, or
a quantitative, as the tight binding (TB) model, theoretical points of view. For the case of
graphene, the TB model represents a simple approach to describe its electronic structure,?’
where the difficulty of the problem relies on finding a optimal representation for a basis of
pre-defined orbitals localized at atomic positions. We can describe the Hamiltonian matrix
element of an orbital m at position i and of an orbital n at position j by the following
expression:

Hipj = (Gim|H|bjn) = (bim| — B2V /2m + V (r)|djn) (3.4)

Each carbon atom has a delocalized m-electron, therefore we can describe each carbon atom
by a single 2p, orbital. Moreover, considering just the interaction between nearest neighbors
carbon atoms as a first aproximation, we can drop the m,n indexes and set the ﬁ” as a
constant shift of energy, since it is identical for all positions. The hopping integral H; ; =: —t

b A
kY
ai/
armchairl/r N
Mk
iwal L X
chi q K'
"1:\“310 *
az

Figure 3.1: (a) Lattice structure of graphene including its primitive a; (blue arrows) and trans-
lation §; vectors (yellow arrows). (b) Corresponding Brillouin zone in the reciprocal lattice
including reciprocal vectors a;* (blue arrows). (c) Electronic band structure calculated using
an orthogonal tight-binding model and considering only nearest neighbor atom interactions.
The inset depict the conical energy band dispersion of one Dirac point near the Fermi energy
(adapted from8).
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between two neighboring ¢, j positions is the only non-zero matrix element. Finally, ¢ is com-
monly considered as a parameter adjusted to fit the resulting band structure when compared
with experimental results®33 234 with common values between 2.5 and
3.0 eV.23

Hence, in second quantization, the corresponding Hamiltonian is described by the following
equation:

or ab-initio calculations,

H=—t)"cle;+éle (3.5)
(i)

being éjéz are the electron creation and annihilation operators at positions 7 and j.
The generalized eigenvalues for solving the TB model are:

Hv =¢Sv (3.6)

Sij = (bilo;) (3.7)

for the eigenenergies ¢, with the following corresponding eigenvectors:

ha(r) = Zvaqu(r) (3.8)

Nevertheless, the overlap S;; between 2p. orbitals is found to be <0.1 in graphene,?® and so
it can be neglected, then being ¢t as the only parameter in the model.

Using an orthogonal tight-binding model considering that any electron can hop to both sub-
lattices, we obtain graphene’s band structure (Figure 3.1c) where energy bands have the
following form:

Ey(k = +t\/3+ f(k) —t'f(k)
f(k) = 2cos (\/gkya) + 4 cos <\g§kya> cos(ik‘xa> (3.9)

being k the electron wavevector and ¢ (¢') the (next) nearest neighbor hopping terms with an
approximated value of 2.8 eV® and 0.1 eV,%° respectively. The plus sign refers to the upper
(r) and the lower (7*) bands, as explained hereafter.

Carbon atoms in graphene display an sp? hybridization where each atom locate three
strongly-bound electrons in the o-bonds and one electron in a p,-like orbital creating an
extended conjugated m-band of delocalized electrons. This m-band constitutes the valence
band below Fermi energy (Figure 3.1c), while the conduction band above Fermi energy stems
from the non-occupied 7*-bands. Both bands converge at the high symmetry points K and
K' (Figure 3.1c inset). The positions of these points in momentum space are given by:

2r 2w 2 2T

s G T 310

Expanding the full band structure from Equation 3.4 close to K (and K’), as k = K + q,
being |q| < | K|, we obtain the dispersion at these points:

K=

E.(q) ~ vrlql+ Ol()? (3.11)

being g the momentum measured relatively to the K and K’ points and v the Fermi velocity.
A relevant consequence from the former equation is that the Fermi velocity vg is independent
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of the carrier mass or momentum, thus we can consider graphene electrons as massless Dirac
fermions and hence, K and K’ points are so-called Dirac points.

Graphene nanoribbons’ electronic properties stem from those of graphene. Yet, as com-
mented in chapter 1 (section 1.3), the width confinement and the presence of finite edges may
lead to pretty different properties of the states near the Fermi level in a narrow graphene
sheet.?0:237 In the following sections, considering planar straight ribbons with edges pas-
sivated by hydrogen atoms and no structural defects, we describe the properties of GNRs
according to their edge orientation from a theoretical point of view.

3.2 Armchair graphene nanoribbons

In the case of aGNRs, the band structure can be calculated considering the boundary condi-
tions imposed by the edges. As depicted in Figure 1.8 (section 1.5), aGNRs width is defined
by the carbon dimer lines N4, where each of the carbon atoms on these dimer lines belong
to the two different sublattices A and B of graphene. At N = 0 and N = N + 1, missing
carbon atoms are replaced by hydrogen atoms. Here, we consider the unit cell size a = 1 as
a matter of simplicity, and an infinite ribbon along its growing axis. Therefore, the electronic
wavefunctions of each sublattice can be described as the following general form:

Um,a = AeFL™ + BeikLm (3.12)
Y, g = Ce*L™ 4 De~thLm (3.13)

being m, A(B) the m'h position in the A(B) sublattice, k; the wavenumber in the perpen-
dicular direction to the ribbon growing axis, and A, B, C, D arbitatry coefficients. Since the
carbon rows are missing for N = 0 and N = N + 1 in both sublattices, we can stablish the
next boundary conditions:

Yo,4 = Yo,B = VNy1,4 = YNy1,8 =0 (3.14)
what leads to:

Yoa=A+B=0=A=-B (3.15)
Yni1a = AP N L Bem ki NHL — g = RN o A = — By~ 1 (3.16)

From the previous equations we can extract the following relation:

nt =1 = 2LV (3.17)
leadingto the discrete k; condition:
kJ_:N:_17r for r=1,2,...,.N (3.18)

what, defining the unit cell size a = 1, can be redefined as:

_ 2 r
~a/V3N+1

n for r=1,2,...,.N (3.19)

This relation describes the possible electron momenta across the graphene nanoribbon. aGNRs
band structure result from a set of discrete equidistant planes cutting the reciprocal space of
graphene in certain k, directions as shown in Figure 3.2 (continuous lines). For this reason,
whenever N = 3p+2 (being p and integer number), the resulting aGNR will present a gapless
band structure because their corresponding plane cuts pass across graphene’s Dirac points.
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Figure 3.2: Brillouin zone for aGNRs and zGNRs. (a) Brillouin zone of graphene with cutting
lines for 7-aGNR (continuous lines) and 6-zGNR (dasehd lines). (b,c) Band structures for
(b) 7-aGNR and (c) 6-zGNR, plotted in their respective first Brollouin zones. Copied from
ref.231

aGNRs’ band structure can be also define from the analytical solution of the eigenenergies by

solving the first neighbor TB Hamiltonian:>"
k
B, = \/1 + 26p008(5”) +e2 (3.20)
being s = 1 and s = —1, the corresponding conductance and valence bands, respectively, and

€p =2cosk,. Fs =0 at k| whenever N = 3p + 2, providing the aGNRs with a semimetallic
band structure. We can infer from Figure 3.2b,c as well that aGNRs’ bandgap is defined by
the cutting plane closest to the K points. Therefore, an increasing ribbon’s width will make
the bandgp decrease, as Equation 3.19 stablishes. In adittion, these bandgaps can be defined
from a TB approximation as follows:

TB __ bm
Eg 5= t[4cos3p 1o 2] (3.21)
TB (p+ 7
Eg73p+1 = t[2 — 4COSW] (322)
ElS . ,=0 (3.23)

As clearly shown in Figure 3.3, for ¢ = 0.12, aGNRs band structures splits into three families
with different bandgap-width scaling rules. We note here that the local density approxi-
mation (LDA) simplifies the exchange-correlation potential, which plays a relevant role in
nanostructures due to the stronger electron-electron correlations, and hence the resulting
bandgap values are smaller than those obtained experimentally. Nevertheless, when using
Green’s Wavefunctions (GW), based on many-body perturbation theory, calculations provide
more precise results with respect to experimental values. Finally, first principles calculations
of free-standing GNRs yield larger bandgap values than experimental resutls because the

surface screening is not considered.!33, 141,238
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Figure 3.3: aGNRs' bandgap dependence on the width from (a) tight-binding (TB), (b,c)
and first-principles calculations including (b) local-density approximation (LDA) and (c)
Green’s Wavefunctions (GW).The three different aGNRs families (N = 3p, N = 3p + 1
and N = 3p + 2) are represented by different symbols and colors. Adapted from ref.}41°

3.3 Zigzag Graphene Nanoribbons

In the case of zGNRs’ electronic structure, the scenario is not that simple. As seen in Fig-
ure 3.1a, hydrogen atoms at the edges are located at the two different graphene’s sublattices A
and B. Seting a GNR unit cell as a = 1, the boundary conditions for the generic wavefunctions
are the following:

Um,a = AeFL™ + BeihLm (3.24)

Um,p = Ce*t™ 4 Demihim (3.25)

Due to the particular arrangement of the hydrogen atoms in graphene’s sublattice in zGNRs,
1Y0,B = ¥n+1,4 = 0, and therefore:

Yop=C+D=C=-D (3.26)

N1 = Aetht(NF1) | Be=iki(N+1) — (i f n = otk L (N+1) A= —Bp~! (3.27)

Therefore, we can not extract discrete values of k; from the boundary conditions, as in the
case of aGNRs. Nevertheless, we can stablish the following condition:

sinlk L N] + ggsin[k (N +1)] =0 with g = 2cos(k)/2) (3.28)

implying that in this case, k; depends on the nanoribbon width and the wavenumber along
the zGNR growth axis k|, which causes k, cuts on graphene’s BZ not to be straight but
curved lines as shown in Figure 3.2.a. Therefore, in contrast to aGNRs, zGNRs bands are
degenerated at k| = 7 due to the two-dimensional projection of graphene’s band structure.
However, valence and conduction bands are also degenerated beyond some critical value of
k|, termed as k¢, and defined as follows:

1
k. = £ 2arccos (m) (3.29)

Valence and conduction bands join at k. values between 0 < k| < 4w /3 (or 0 < ky <, if we
consider band folding), denoted as K and K’ in Figure 3.1b,c and Figure 3.2. These two values
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(Krcand Kgc) define a region where valence and conduction bands evolve into localized states
because in these regions of the reciprocal space, the band structure does not cut graphene’s
BZ and therefore, two states emerge since the valence and conduction bands can no longer
be defined as k) solutions of Equation 3.29. These new states are strongly localized at the
longitudinal zigzag-like edges of the ribbon for k. < k) < 49,237
have only amplitude in one of the two graphene’s sublattices of the zGNR structure. The
origin of these edge states relies on the two k| imaginary solution for Equation 3.29 at k; =0
and k; = m, defined in some particular graphene’s BZ regions as:

and their wavefunctions

40, ke < |k
kL:{W 06, ke <[y <m (3.30)

0+i(, w< ‘k”‘ < kRe

leading to to wavefunctions for the egde states decaying to the inner sites of the zGNR
structure.%237 These edge states present a strong DOS located at Fermi level what explains
their magnetic polarization. We can understand this phenomena considering the nature of the
edge states, with amplitude in only one of graphene’s sublattices and a very small electron-
phonon cuopling.?? Even small electron correlations due to the sharp edge states’” DOS
give rise to magnetic moments, particularly strong along the longitudinal edges of zGRNs
and fastly deacying into the center of the structure.*>237 Furthermore, since the magnetic
moments associated with the edge state acummulate in one particular sublattice and the
total magnetization of the ribbon is zero, these magnetic moments hold an ferromagnetic
order along the same zigzag edges yet an antiferromagnetic order considering opposite zigzag
edges. As a result, the edge states are considered to be spin-polarized and their magnetic
interaction opens a small bandgap between them.

3.4 Chiral Graphene Nanoribbons

As commented in previous sections, cGNRs can represent an even more interesting sort of
graphene nanoribbon since they can potentially host both of the characteristic predcited
properties of aGNRs and zGNRs. In addition, they present an extra tunable parameter, this
is, their chiral angle 6. As previously explained in section 1.3, we can use the vectors m and
7i (see Figure 1.3) to stablish a general convention to describe the edge orientation of GNRs
by defining a vector R as follows:

R = am + bii (3.31)

where a and b are real numbers. As well, using the same vectors, we can define the chiral
angle 0 as:

Vam - ”) (3.32)

0= arctan<7
\/gm +n

Both the chiral angle 6§ and the chiral vector R define a ratio T.ig given by the proportion of
zigzag sites N, over the total number of edges sites Npor as follows:

N

3.33
Nror (3:33)

Tzig =
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Using a simple single-orbital nearest-neighbour (NN) TB model for the network formed by
the electrons in m-orbitals, we can build the following hamiltonian to study the electronic
structure of chGNRs:%?

H=—tY (afb;)+ H.c) (3.34)
(i.4)

being (i, j) the sites i and j in the NN lattice, a;-r (a;) the create (annihilate) operators on
sites of sublattice A as b} (b;) is the create (annihilate) operators on sublattice B, and ¢ the
hopping integral with an approxiamted value of 2.8 V.52 Here, we neglect the effect of the
edge deformation becasue we focus on GNRs lying on surfaces. The TB Hamiltonian can be
described as a sum of Bloch-like wavefunctions, considering the periodicity of along the axis

of ¢cGNRs as follows:

— —

7o 1 ik(Tm+Di) (=
o(k,7) = i > eMImt PO g — T, — Dy) (3.35)
Tom

being T the translation vector, N the total number of primitive cells, ¢(7) the 7 orbital
perpendicular to the plane, and k£ the moments in the one-dimensional BZ. The crystalline
wave-function can be expressed as a linear combination of Bloch sums:

(k) =3 Aik) ¢ilk, ) (3.36)

—.

where A;(k) are the expansion coefficients. Based on the basis set ¢;, the NN electronic
Hamiltonian can be rewritten as follows:

0O b 0 0 O

b* 0 ¢ 0 0

o 0O ¢ 0 a O
H(k)=t 000 & 0 & (3.37)

0O 0 0 ¢ O

10N
where:

a = eikacos((%r/?))—a) (338)
h— eikacos((?ﬁ/3)+a) (339)
c—= eikacos(a) (340)

Diagonalising the Hamiltonian in Equation 3.38 leads to the energy band structures and the
expansion coefficients of the crystalline wave-function for the chGNRs.
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3.4.1 cGNRs width dependence on the emergence of edge states

The presence of a majority of zigzag-like edges defining the periodic chiral-like edges of cGNRs
is not the unique requisite related exclusively to the ribbon for observing the edge states in
chGNRs from a theoretical point of view. They must present a certain width upon which
the edge states emerges, as depicted in Figure 3.4, where n, represent the ratio of zigzag-
over armchair-like edges in forming the chGNRs, and n,, represent the ribbons’ width.®® This
width dependence might arise from the electron correlations between the electronic states
located at each longitudinal edge. All things considered, this theoretical scenario depicts
how the magnetic moment of the edge states possibly present in ¢chGNRs can be ruled the
particular width of the nanoribbon as well as by its chiral angle.
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Figure 3.4: Edge states formation energies for chGNRs with different chiral angle and
width n;, represents the number of zigzag- over the armchair-like edges defining the chiral
edge in every case. ng;,i represents the number of carbon atoms in the armchair-like edges
connecting the zigzag-like edges, and n,, represents the chGNRs width as defined in ref.%3
Graph coppied from ref.%3
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Part 11

Armchair Graphene Nanoribbons

The bottom-up methodology based on the use of molecular precursors as building
blocks developed by Cai and coworkers in 2010 resulted in the synthesis of the
first armchair graphene nanoribbon with atomic precision, i.e. 7-aGNR.!! This
pioneering example quickly became a reference system for the production of a large
variety of different aGNRs, being the type of GNR most extensively synthesized to
date. 128,130,131, 138,240 C3]culations reveal that aGNRs can be classified into three
different subfamilies depending on the number of dimer lines p across their width
(8p, 8p+1, or 3p+2), their band gaps being inversely proportional to the width
within each of those families.!#:15:241 The reported band gap values of the various
aGNRs synthesized to date confirm this picture with scattered points along the
predictions for each of the GNR families.16,118,119,129,133, 134,242,243

The second part of this thesis focuses on the synthesis and characterization
of the electronic properties of the $p-aGNR family on gold surfaces. To begin
with, we study the growth of different aGNRs from the lateral fusion of poly-
para-phenylene (PPP) nanowires on the flat Au(111) surface and how their semi-
conducting band gap is modulated by their width. Secondly, we improve the
selectivity of the same synthetic reaction by the use of the vicinal surface Au(322)
as template to limit the resulting products into one single type of aGNR.
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Chapter 4

Width-dependent band gap and Fermi
level pinning in aGNRs

Besides the characterization of their fundamental electronic properties, the increasing pool
of available GNRs with well-defined structures has allowed the correlation of those elec-
tronic properties with their performance when integrated into devices like field-effect transis-
tors.33:244-252 Interestingly, the device performance is strongly dominated by contact effects,
in particular, by the Schottky barrier at the GNR-contact interface. As opposed to studies of
other GNR properties like their band gaps, systematic studies of the energy level alignment
between GNRs and common contact materials are still limited in spite of their determining
role in the ultimate response of GNR-based devices.

In this chapter, we provide a systematic study of the band gap and energy level alignment
of GNRs focused on the 3p family, addressing from the smallest possible aGNR (3-aGNR)
to its four immediately following sister structures (6-, 9-, 12-, and 15-aGNRs). Moreover, we
amend our understanding of the interface energetics between GNRs and gold, in particular,
Au(111) surface. Our results reveal, in addition to the width-dependent band gap, the onset
of Fermi level pinning for widths > 6 dimer lines. This work is published in ref.12?
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4.1 Synthesis of varying-width aGNRs from PPP lateral fusion

We use 4,4-dibromo-para-terphenyl (DBTP) as a molecular precursor to synthesize the struc-
tures described here. Figure 4.1.a summarizes the stepwise synthesis of aGNRs starting from
the precursor. A submonolayer of DBTP is initially deposited on a Au(111) single crystal held
at room temperature. After annealing above 250°C, the precursor undergoes UC'? yielding
PPP nanowires. Figure 4.1.b shows a STM image of a representative sample. As previously
reported,'®! these nanowires are highly aligned, separated by arrays of bromine atoms be-
tween them (see Figure 4.2.a), and present impressive lengths of up to 200 nm. PPP has been
occasionally termed as a 3-aGNR and would thus fit into the family of 3p-aGNRs. However,
as previously concluded from near-edge X-ray absorption fine structure (NEXAFS) measure-
ments, it displays a nonplanar structure on Au.23 Mapping the DOS at the onset of VB
and CB, clearly reveals a modulated intensity that mirrors an alternating tilt of subsequent
phenyl rings (see Figure 4.2.b,d). The non-planarity of gold-supported PPP is also confirmed
by DFT calculations even when using functionals that incorporate the vdW interaction, al-
though reduced with respect to that in gas-phase PPP. As discussed later, this non-planar
structure leads to a substantial difference in the electronic properties of the polymer with
respect to the rest of the wider (and planar) 3p-aGNRs.

Above 430°C, PPP nanowires merge sideways through dehydrogenation,23® forming aG-
NRs of different width, as shown in Figure 4.1.c. This synthetic step relies on random diffusion
effects imposed by the high temperature and results in an interconnected network of nanorib-
bons of different widths. There is a significant number of curved aGNRs, but most of them
preserve the preceding nanowire’s straight orientation. The final nanoribbon width depends
on the number of nanowires getting fused. Discretized by the intrinsic width of PPP nanowires
(3-aGNR), we find 6-, 9-, 12-, and 15-aGNRs are formed from the fusion of two, three, four,
and five nanowires, respectively. Having them all next to each other on the same Au(111)
surface reveals itself as an excellent testbed to measure and compare their respective electronic
properties.

a Br I 1
250°C 430°C
— — + + +
F 1
Precursor PPP wire B-aGMR 9-aGMR 12-aGNR 15-aGNR

b

Figure 4.1: (a) Schematic synthesis from DBTP molecular precursor on Au(111). STM
topography images of (b) PPP nanowires (24.6 nm?, I, = 0.22 nA, V5 = 1.0 V) and (c)
a-GNRs (24.6 nm?, Iy = 0.22 nA, V, =-1.7 V), where text inlets indicate the different widths
of aGNRs
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Figure 4.2: Electronic structure of PPP nanowires. (@) STM image (12.3 nm x 2.9 nm; Vs
=-1.1 V; Iy = 0.60 nA). Bromine atoms between PPP nanowires are indicated with yellow
circles. (b-d) Constant-current dl/dV maps (12.3 nm x 2.9 nm; |t = 0.60 nA) on PPP
nanowires at (b) valence band edge (Vs= 2.20 V), where simulated representation of PPP
wire is included as visual guide; (c) within the band gap (Vs = 1.25 V), and (d) at conduction
band edge (Vs = - 1.15 V). Blue dashed lines are included for an easier appreciation of single
nanowire features. (e) Spectra taken on PPP nanowires (in red) where Au(111) signal (in
black) is added to every spectrum as background reference (open-feed-back parameters: Vg
= -1.60 V; It = 0.54 nA; \ms = 18 mV). Crosses in inset topographic image indicate the
positions where spectra were recorded.

4.2 Electronic structure: width-dependent band gap

The aGNRs’ electronic properties have been characterized by STS, measuring both dI/dV
point spectra and constant-current dI/dV maps at various sample bias voltages (Figure 4.3).
The dI/dV point spectra were taken over the sides (where the measured GNR signal is high-
est?42,243,254) of straight GNRs’ segments, featuring a well-defined width and defect-free
structure over substantial lengths. While segments of 6- and 9-aGNRs easily exceed tens
of nanometers, the wider the ribbons, the shorter the average segments are. To avoid notable
band gap variations from finite length effects, spectra are only taken into account from seg-
ments longer than 4 nm (i.e. ~9 unit cells). While the convergence behaviour of the GNR
band gap with its length depends on a series of aspects such as the ribbon’s own polariz-
ability and thus on its particular structure, for the GNRs studied here, the probed electronic
properties at these lengths can be considered to be close to those of an infinite ribbon.2%3,256
Figure 4.3.a displays representative STS spectra for ribbons with different widths, together
with background spectra of the bare Au(111) surface nearby, as a reference.

All STS spectra show a clear conductance rise at positive bias, attributed to the onset
of the conduction band. The position of these bands is observed at different energies as a
function of the ribbons’ width: the wider the ribbon, the closer to Er its CB is. Thus, the
onsets range from 0.86 eV, for the wider 15-aGNR, to 1.47 eV for the narrower 6-aGNR.
Regarding the filled states (Vs < 0), the first nanoribbon-related feature in the spectra is
detected at bias values close to -0.2 eV for all measured widths. We associate it with the
corresponding onset of the aGNRs’ valence band. A more detailed analysis reveals that the
VB onset follows a similar, although less pronounced, width-related trend as the one observed
in the conduction band case. The valence bands are slightly closer to Er as the GNRs become
wider, ranging from -0.17 to -0.23 eV. The detection of the VB onset is particularly difficult
on Au(111) since the surface state signal overlaps with the 3p-aGNRs spectroscopic features.
Additionally, the density of states of the VB of 3p-AGNRs decays particularly fast along the
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Figure 4.3: (a) Electronic structure of 3p-aGNRs. (a) Spectra on 6-aGNR (red), 9-aGNR
(green), 12-aGNR (pink), 15-aGNR (blue), and Au(111) signal (grey) as background refer-
ence (open-feedback parameters: Vg = 1.55 V, Iy = 1.4-10 nA; Vims = 10 mV). (b) STM
topography image (12.4 nm?; Vg = -1.1 V; I, = 0.61 nA). (c) Conductance map near the
valence band onset (Vs = -0.25 V), with white arrows as a guide for the eye to the intensity
along each aGNR edge. (d) Profiles across the conductance map in (c), highlighting the
contribution from the VB of differently wide GNRs on top of the dominating Au(111) surface
state contribution. Conductance maps near the conduction band onsets for (e) 15-aGNRs
and 12-aGNRs (Vs = 0.95 V), (f) 9-aGNR (Vs = 1.15 V), and (g) 6- aGNR (Vs = 1.55 V).
Differences in the reference spectra relate to different tips and positions. The comparable
intensity in 12- and 15-aGNRs’ edges in image (d) probably relates to the limited length of
the 15-aGNR segment. Its reduced length causes an increased band gap and thus leads to an
upshift in the energy of the conduction band onset. Size and set point for all images are 12.4
nm? and |; = 0.61 nA, respectively.

direction perpendicular to the GNR plane.''?:243 Both of these reasons severely complicate its
detection by STS. Nevertheless, our analysis of both VB and CB is in excellent agreement with
the recently reported electronic structure and energy level alignment of 9-aGNRs synthesized
selectively on Au(111).11?

The conclusions derived above from our dI/dV point spectra are supported by dI/dV maps
obtained at different biases (Figure 4.3.c-g). When probing the empty states (Vg > 0), there is
an energy threshold at which an increased conductance starts becoming visible along the sides
of the ribbons, first for the wider ribbons (Figure 4.3.¢) and as the energy increases also for
9-aGNRs (Figure 4.3.f) and 6-aGNRs (Figure 4.3.g). Such intensity in conductance maps is
related to the LDOS of aGNR bands,'%2%3 and the threshold energies at which the increased
conductance sets in are in agreement with the width-dependent band onsets determined from
the point spectra. In the case of the filled states (Vg < 0), conductance maps at -0.25 V
reveal the strong intensity of the scattered surface state. Superimposed to it, we observe a
weak but recognizable intensity distributed along the edges of every nanoribbon (Figure 4.3.c)
further highlighted in the profiles displayed in Figure 4.3.d. This agrees with the VB onsets
being at similar energies for all GNRs, as observed in the spectra (Figure 4.3.a). Besides the
frontier bands, our spectroscopy measurements reveal an additional nanoribbon-related signal
at higher negative bias (Figure 4.4). We associate it with the second valence band (VB+1),
which is easier to be probed by the tip of the STM than is the VB. Its slower decay away from
the nanoribbon plane explains,'1%:243 together with the absence of the Au(111) surface state
at these energies, its stronger and more easily measurable signal. For a clear visualization of
the overall data, Table 4.1 summarizes the energies of all band onsets averaged over several
measurements on different aGNRs, as well as the associated band gaps.
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Figure 4.4: 3p-aGNRs’ second valence band (VB+1) spectroscopic characterization. (a)
Spectra taken on 6-aGNR (in red), 9-aGNR (in green), 12-aGNR (in pink) and 15-aGNR (in
blue) where Au(111) signal (in grey) is added to every spectrum as background reference
(open-feed-back parameters: Vg= -1.0 V; Iy = 0.5-10 nA; modulation voltage V,ms = 10-12
mV). (b-e) Constant-current conductance maps (12.4 nm?; I, = 0.60 nA) at the onsets of the
second valence band (VB+1) on (b) 15-aGNR (Vs = -0.65V), (c) 12-aGNR (Vs = -0.85V),
(d) 9-aGNR (Vs = -1.15 V) and (e) 6-aGNR (Vs = -1.75 V).

Table 4.1: Average 3p-aGNR VB+1, VB, CB and band gap values

Structure | VB+1 (eV) | VB (eV) CB (eV) | Band gap (eV)
6-aGNR -1.73 £0.04 | -0.23 £ 0.08 | -1.47 4+ 0.05 -1.69 £ 0.10
9-aGNR -1.17 £ 0.06 | -0.20 £ 0.05 | -1.14 4+ 0.05 -1.35 £ 0.07
12-aGNR | -0.84 £ 0.04 | -0.18 + 0.04 | -0.96 + 0.04 -1.13 + 0.05
15-aGNR | -0.66 £ 0.09 | -0.17 & 0.03 | -0.86 = 0.03 -1.03 £ 0.04

The average band gaps obtained for the differently wide aGNRs are displayed in Figure 4.5,
where PPP nanowires (analyzed in Figure 4.2) are included for comparison as 3-aGNRs. The
values fit into the predicted range for gold-supported nanoribbons of similar widths,?*! and
their smooth evolution is also in line with predictions.'*?*! However, 3-aGNRs clearly stick
out of the smoothly varying trend of a monotonously decreasing band gap with incremental
width within the 3p-aGNR family. The reason behind this is that, in addition to the larger
band gap associated with its narrower width, it is the only nonplanar structure. As a result,
the degree of conjugation is reduced,?®” causing an anomalous band gap increase for this
particular structure different from the wider graphene nanoribbons. Figure 4.5 also displays
the average onset energies of valence and conduction band for the differently wide aGNRs. It
becomes immediately clear that GNRs display an overall p-type alignment on Au(111) and
that for 6- and wider aGNRs, as the band gap decreases, the CB onset approaches the Ep
much fagter than the VB.

Both of these effects are indeed reproduced by DFT calculations of gold-supported graphene
nanoribbons from 3 (PPP wires) to 12 dimer lines. Figure 4.6 displays the band structure
of the various systems, where the diameter of blue symbols is proportional to the weight of
each state on the carbon atoms and thus on the GNRs. Next to the band structures, the
figure displays the DOS projected onto GNR’s carbon atoms. In line with our experimental
observations, wider ribbons show a clear p-type alignment with the Au(111) substrate. After
a notable upshift of the valence band from 3-aGNR to 6-aGNRs, the VB onset appears close
to the Er at a position fairly independent of the ribbon width. It shifts by only ~0.16 eV
when going from 6- aGNRs to 12-aGNRs, to be compared with an about 3 times larger shift
of the CB for the same widths.
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Figure 4.5: Average 3p-aGNRs bands’ energy values. (Left scale, black lines) Valence and
conduction bands and (right scale, blue line) the resulting band gaps.
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Figure 4.6: DFT calculated band structure for 3, 6, 9, ad 12-aGNRs. (left) Band structure
and (right) projected density of states for (a) 3-aGNRs, (b) 6-aGNRs, (c) 9-aGNRs, and
(d) 12-aGNRs. The diameter of the blue circles denotes the density of states projected onto
the GNR's carbon atoms. The shadowed areas indicate the respective band gaps.
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Experimentally, the p-type alignment of GNRs seems reasonable due to the p-type dop-
ing observed for gold-supported graphene,??®262 which stems from the much larger work
function of gold as compared to that of graphene. However, calculations have shown the
understanding of this alignment not to be trivial as it depends on the dipole layer formed
at the metal-graphene interface and displays a marked dependence on the details of the
graphene-substrate interaction and the associated adsorption distance.?03265 GNRs have a
weak interaction with the Au(111) surface, dominated by vdW forces. As a weakly interacting
semiconducting adsorbate approaches a metal surface, the substrate’s intrinsic surface dipole
is modified by an amount A as a result of a variety of processes that include, among others,
the surface’s electron cloud redistribution arising from Pauli repulsion with the adsorbate
(commonly termed as “pillow effect”) or intrinsic adsorbate’s dipole moments.2%6 In the case
of aGNRs on Au(111), only the former process is relevant, giving rise to an effective reduc-
tion of the substrate work function. Indeed, for extended graphene on Au(111), the effect is
such that, although at the equilibrium adsorption height (~3.3 A) p-doping is predicted by
first-principles calculations, for only slightly smaller distances (< 3.2 A), n-doping is obtained
instead.?6%:264  Therefore, the strong p-type alignment observed here for the aGNRs is not
necessarily obvious. Particularly intriguing is the observation, in agreement with experiment,
of very asymmetric shifts of the VB and CB onsets in the DFT calculations. Although the
VB approaches the Fermi level as the GNRs become wider, in our calculations, it remains
below the Fermi level without indications of a partial charge transfer to the substrate. In the
absence of charge transfer, one would expect a rather symmetric closing of the gap. Thus,
the observed behavior requires a width-dependent alignment of the aGNR levels with respect
to those of Au(111). At this point, it is worth noting that the dependence of the ribbon’s po-
larizability on its width has been recently proposed as instrumental to understand the width
dependence of the band gap of adsorbed GNRs.?*! However, in contrast to our experimental
observations, this effect should affect both the VB and CB in a comparable way.

AL EA

LTy

-
-
‘.
-
=

- t_
ol
-

‘T regre

a
-

"§ el
gluglueregs

)

§
N

"FEQrFEl

-y
-
.
“
-
-
-y
.
&
&
=)
-

b

~
-
-

ffrewiTRIgRiIgyregs

FECIE P LE P LEer e re
reregiveiaeivdvre e

‘regrerbede]
FEQra@Epaey

s 8AE

L

- oS00 - 0-0-0-

eeceecceceeecece
eeecececceececeee
eeececececccececee
ceeeecececcececee

Figure 4.7: DFT computational setup examples used for calculations of figure 4.6 (a)
Top and side view of 12-aGNRs on Au(111) slab with a lateral unit cell as indicated by the
green rectangle. The ribbon is periodic along the x direction. (b) Front and side view of
iso-surface (5 x 107 electrons/bohr®) of the computed induced charge upon adsorption for a
6-aGNR on Au(111). Red(blue) surfaces correspond to electron accumulation(depletion).
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Figure 4.7 shows the relaxed geometry for a 12-aGNR and the distribution of the induced
charge upon adsorption for a 6-aGNR on Au(111), respectively. The computed equilibrium
adsorption height of the central portion of the ribbon is in the range of 3.23-3.34 A (larger for
wider ribbons). The limit for extended graphene is 3.34 A, in good agreement with previous
calculations.?%? Figure 4.7.b shows how the electron charge accumulated in the surface (in red)
as a result of the “pillow effect” extends beyond the region covered by carbon, piling up along
the edges. This is most probably favored by the positive partial charge on the hydrogen atoms
along the GNR edges. Thus, we find that the charge distribution is noticeably affected by the
finite width of the ribbons. This characteristic distribution of the induced charge produces
a width-dependent decrease of the interface dipole A, favoring a stronger p-type alignment
the narrower is the GNR. This effect partially compensates the downshift of the VB as the
GNRs become narrower while increases the upshift of the CB. Therefore, it can explain the
agsymmetric level movement observed in the DFT calculations and, as a consequence, be a
key ingredient to understand also our experimental results. However, this effect smoothly
scales inversely proportional to the GNR width, while the experiment evidences a relatively
sharp transition from a rapidly varying valence band alignment at widths below 6-aGNRs
to an almost unchanged valence band as the width increases (see Figure 4.5). In fact, as
will be shown below, the transition seems to relate directly to the GNR’s band gap, which is
no longer inversely proportional to the width if different families of armchair GNRs or even
differently oriented GNRs are considered. Thus, in addition to the width-dependent interface
dipole, other band-gap-dependent effects must be responsible for our observations.

4.3 Fermi-level pinning of valence band

A sharp transition from having a varying onset energy in frontier bands to having them
quasi-unchanged (close to the Fermi energy) is typically termed as Fermi level pinning.267-268
It is a well-known phenomenon observed at metal-semiconductor interfaces when one of the
semiconductor’s bands gets close in energy to the substrate’s Fermi level, typically due to
particularly high or low work functions (Figure 4.8a). Observing a transition from a non-
Fermi level pinning behavior to the pinning usually requires the work function to be changed
and thereby the interface chemistry. Instead, in this particular study on Fermi level pinning,
the same phenomenology is observed while keeping the interface chemistry almost unchanged,
the only varying parameter being the GNR’s width and thus its associated band gap (Figure
4.8b).

The typically proposed explanation for Fermi level pinning is as follows. In the current
case of an unchanged substrate and a decreasing adsorbate’s band gap, valence and conduction
band onsets plotted vs the band gap would be expected to symmetrically approach the midgap
value with a slope S = 0.5 (Figure 4.8b). However, as one of the bands (e.g., valence band in
Figure 4.8b) gets close to the Fermi level, further band gap reductions create a compensating
dipole moment ¢ to refrain the band from crossing the Fermi level. Although not confirmed
by our calculations, whether due to the inability of current semilocal functionals to describe
the energies of the electronic levels with sufficient accuracy for the free-standing ribbons
and adequately incorporate correlation effects upon adsorption, or to slight deviations in
the calculated adsorption distances that can substantially alter the interface energetics,?%?
this is typically assumed to occur through partial charge transfer into metal-induced gap
states.!56:267:268  Ag 3 result, the non-pinned band (conduction band in 4.8b) now supports
a shift equal to the full band gap decrease (S = 1), while the alignment of the pinned band
remains unchanged (S = 0). By preventing the semiconductors’ bands from crossing the
Fermi level, the interfacial charge transfer is reduced. It is therefore commonly observed
with physisorbed materials because its absence would imply substantial charge transfers and
consequently a chemisorption scenario.?’? Fermi poinning is thus exactly what we could
expect from the interaction of graphene nanoribbons with an inert surface like Au(111).
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Figure 4.8: Energy level alignment schematic models of substrate and adsorbate frontier
bands. (a) Bands’ evolution for a varying substrate work function. Analyzing the slope S
of the energy level alignment vs. substrate work function, the scenario changes from vacuum
level pinning (S = 1) to Fermi level pinning (S = 0) of adsorbate bands at critically high and
low work functions, respectively. (b) Bands evolution for a varying adsorbate band gap. As
the band gap is reduced, the adsorbate bands onsets move towards the midgap value with a
slope S = 0.5. As one of the bands gets close enough to substrate’s Fermi level, the band
(valence band in this case) gets pinned and henceforth the non-pinned band fully supports
the gap reduction, shifting with a slope of S=1.

Indeed, we observe a striking agreement between the model Fermi level pinning behavior
of band onset vs band gap (Figure 4.9) and the experimentally observed values from this
work, together with results from other Au(111)-supported GNRs reported elsewhere, like
13-aGNR,?** 9-aGNRS,'? 7-aGNR,?*%243 and even (3,1) chiral GNRs?>"? as shown latter in
chapter 9. As displayed in 4.6, for band gaps above the critical value of ~1.7 eV, valence
and conduction bands shift symmetrically around their midgap value with a slope close to S
= 0.5. However, as the band gap gets below that threshold value, the valence band remains
almost constant (S = -0.09 4+ 0.04) while the conduction band supports almost the full band
decrease by shifting with a slope of S = 0.92 £ 0.05. Several GNRs have been characterized
previously on an even less interacting substrate, namely, on Au(111) with an intercalated Si

layer.'33
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Figure 4.9: Valence and conduction band onsets of GNRs studied in this work and in other
reports of Au(111)-supported ribbons vs their respective band gap (width given by the numbers
next to the symbols). Data of GNRs on an even less interactive substrate as is a Si intercalated
layer on Au(111) are also added for comparison.

On the Si-intercalated Au(111) surface, the GNRs display a slightly larger band gap due to
the reduced substrate screening. However, not only does the band alignment similarly fit into
our proposed Fermi level pinning picture, as expected from such weakly interacting surface,
but it actually displays strikingly similar energies (Figure 4.9). Fermi level pinning energies
of molecular adsorbates’ orbitals may vary substantially from system to system, which is
normally associated with the different density of states hosted by the frontier orbitals and
how far in energy the tails of the frontier bands’ density of states extend into the gap. In
general, typical values remain below 0.4 eV away from the Fermi level, 266271 which coincides
with our observations.

4.4 Conclusions

In conclusion, in this chapter we report spectroscopic evidence of the width-dependent band
gap predicted for armchair graphene nanoribbons and the associated energy level alignment.
Starting with the synthesis of PPP wires (3-aGNRs), subsequent annealing drives their lateral
fusion into 6-, 9-, 12-, or 15-aGNRs depending on the number of involved PPP chains. That
is, the first five members of 3p-aGNR family are obtained on the same surface, on which
both valence and conduction bands are probed by means of STS. We observe a continuously
decreasing band gap as the GNRs structures get wider. Most importantly, Fermi level pinning
of the valence band is found on Au(111) for 6 or more dimer lines wide aGNRs, in qualitative
agreement with DFT calculations. Results known from other GNRs equally fit the pinning
phenomenon proposed here, whenever their bandgap is below ~1.7 eV. This has important
implications on the energy level alignment across GNR/metal interfaces, which may in turn
be crucial for future GNR-based devices displaying similar interfaces at charge collection
electrodes.
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Chapter 5

Selective synthesis of armchair
graphene nanoribbons on vicinal
surfaces

The development of selective synthetic strategies represents a key objective for the integration
of GNRs in future devices. Most of the known examples attain this selectivity by the ratio-
nal pre-design of molecular precursors, guiding its reactivity through well-known, controlled
pathways that end in the formation of the sought GNR.128:272:273 Ay alternative route toward
atomically precise GNR structures has been the lateral fusion of GNRs through cyclodehy-
drogenation.'29 1317134,136,138 Ay example of this alternative option is shown in the previous
chapter, where armchair graphene nanoribbons of varying width are synthesized through the
lateral fusion of poly-para-phenylene (PPP) nanowires on Au(111). Due to the flat topogra-
phy of this surface, the lateral fusion of PPP nanowires results in a random synthetic process,
hence lacking a precise selectivity over the final structure. Inspired by previous substrate-
guided ‘on-surface synthesis’ (OSS) examples,'%° in this chapter we show how GNR synthesis
can be guided by an adequately nanotemplated substrate instead of by the traditionally de-
signed reactants. Still using a bottom-up approach to guarantee the atomic precision, based
on the fusion of neighboring molecular structures, we switch from reactant to substrate engi-
neering in the GNR design. That is, the selectivity in the synthesis process now is triggered
and guided by the nanotemplating effect of an adequate substrate. These results are published
in ref.2™
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5.1 Au(322) substrate as synthetic template

This selectivity is attained using the same molecular precursor 4,4”-dibromo-para-terphenyl
(DBTP) on a different gold surface, namely Au(322). Figure 5.1 depicts the different scenario
found on both gold surfaces after depositing the precursor at RT and inducing firstly, their
polymerization of the precursor into PPP nanowires at 180 °C, subsequently followed by
cyclodehydrogenation at 380 °C that results in the formation of 8p-aGNRs (see Figure 4.1
in previos chapter). Contrary to the smooth topography of Au(111), the Au(322) surface
is characterized by uniaxially aligned and regularly spaced terraces, whose steps run along
the [101] direction.?”® In addition to the natural templating effect of the steps,'40:276:277 the
favored PPP nanowires growth direction along the [101] crystallographic orientation coincides
with that of the terraces, thus strongly promoting the uniaxial growth of PPP parallel to the
substrate steps.™!

The terraces of Au(322) are characterized by an average width of ~12 A 27278 which
can fit side-by-side two PPP chains at most. This was initially expected to drive a selective
pairwise fusion of PPP, and the result indeed shows the desired selectivity, displaying 6-aGNR
as the only product (Figure 5.1.b). It should be noted, however, that the average length of
defect free 6-aGNRs is relatively short, namely in the order of 6 nm, typically terminated
by 6-aGNR/PPP junctions (including, e.g., the shortest possible PPP segments arising from
a missing phenyl ring in 6-aGNRs). Nevertheless, this length is sufficient for the GNRs to
readily display electronic properties close to those of their infinite analogues.?>® In essence,
making use of reactions that can form a variety of different products, it is the appropriate
substrate that imposes synthetic selectivity of 6-aGNR and at the same time their unique
azimuthal alignment.
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Figure 5.1: Bottom-up synthesis of 3p-aGNRs from DBTP precursor on Au(111) and
Au(322). Constant-current STM images (a) on Au(111) (10 x 10 nm?, Ve=-1.0 V; |, =
50 pA) and (b) on Au(322) (10 x 10 nm?, V= -1.5 V; I, = 500 pA) where histograms show
the percentage of PPP consumed for the formation of aGNRs in each case.
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However, as displayed in Figure 5.2, looking at the sample at different stages of the reac-
tion, the process is found to be more complicated than anticipated. Upon DBTP deposition,
the periodic Au(322) terraces (Figure 5.2.a) act as expected, driving the self-assembly of the
pristine molecules into a highly ordered structure with all molecules uniaxially aligned parallel
to the steps and with two side-by-side rows of molecules fitting each terrace (Figure 5.2.b).
Five lobes can be clearly distinguished along each DBTP molecule in the STM images, the
two outer ones corresponding to the Br atoms and the three inner ones to the three phenyl
rings. Upon polymerization, the STM imaging reveals the most surprising changes. Poly-
merized structures with periodic lobes corresponding to the phenyl-units along the PPP are
clearly recognized, separated by rows of round objects that correspond to Br atoms (brown
dots in Figure 5.2.c).125:131,253,279,280 However, the underlying surface appears completely
reconstructed, hosting the alternating rows of PPP and Br on much wider and irregular ter-
races. This reconstruction is associated with the strong interaction of the halogen atoms
with the stepped Au substrate,?®! but will not be discussed further, as it is beyond the scope
of this chapter. At first sight, this fact may be expected to hinder the templating effect of
the Au(322) surface. However, as bromine desorbs upon further annealing, the Au(322) pe-
riodicity is recovered, and the substrate templating effect sets in, resulting in the selective
production of 6-aGNRs only accompanied by unreacted PPP (Figure 5.2.d).
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Figure 5.2: Different growth stages of 6-aGNRs from DBTP precursor on Au(322).
Constant-current STM images (6 x 6 nm?) of (a) clean Au(322) surface (Vs = -5.0 mV;
Iy = 2.0 nA), (b) after DBTP deposition (Vs = 25.0 mV; .= 74.0 pA), (c) after Ullmann
polymerization (Vs = 86 mV; Iy = 29 pA), and d) after 6-aGNR formation through cyclode-
hydrogenation of neighboring PPP chains (Vs = 1.5 V; Iy = 516 pA). Molecular models are
overlaid on part of the images as a guide to the eye.
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5.2 6-aGNR electronic structure characterization

From a characterization point of view, the resulting uniaxially aligned products have the virtue
of allowing the use of laterally averaging techniques like angle-resolved photoemission without
losing the momentum resolution. Thus, we have used ARPES to monitor the valence band
structure of the vicinal sample at different stages of the GNR synthesis process. Figure 5.3
displays the electron dispersion along the terraces for the substrate before and after deposition
of the reactant, as well as after subsequent annealing treatments. From comparison to the
clean Au(322) reference (Figure 5.3.a), the as-deposited DBTP is observed to produce distinct
intensity at an energy of -1.78 + 0.05 eV (Figure 5.3.b). This signal is associated with its
highest occupied molecular orbital (HOMO), which exhibits a flat band due to the electron’s
confinement within the relatively small molecule.?7?282

After Ullmann polymerization, the band structure changes substantially with the appear-
ance of a strongly dispersive band with the apex at E = 1.09 &+ 0.05 eV and k| = 1.43 At
(Figure 5.3.c). The dispersive behavior now stems from the electron delocalization along
the m-conjugated PPP chain.?™®282 Because the band gap of a conjugated polymer scales
approximately with a 1/N relation,25":283 N being the number of conjugated electrons, the
increased conjugation length when going from a precursor with three conjugated rings to a
polymer with tens of them is equally responsible for the reduction of the adsorbates’ band
gap. As a consequence, the frontier bands’ onsets approach the Ep, as observed in the ~0.7
eV upshift in energy of the valence band onset with respect to DBTP’s HOMO.
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Figure 5.3: Angle-resolved photoemission signal, displaying the dispersion parallel to the
step direction, at different stages of the reaction process (integration along kL from
0.2 to 0.4 A1) (a) Reference spectrum for the bare Au(322) substrate, (b) after DBTP
deposition, (c) after Ullmann polymerization into PPP, (d,e) after Br desorption, (f) after
partial fusion of PPP into 6-aGNRs, and (g) after a maximized transformation of PPP into 6-
aGNRs. All correspond to different samples heated to increasingly high temperatures, starting
from a DBTP covered sample after molecular deposition onto a substrate held at RT. The
photon energy used is 60 eV for panels (a-d) and 35 eV for panels (e-g) to enhance the signal
of the existing organic bands. (Top) Raw data with parabolic fittings used to extract band
onset and effective mas. The dotted profiles in panels (e) and (f) are not fitted, but included
as a superposition of the profiles in (d) and (g) (Bottom) second derivative processing of
the spectral functions for optimum visualization.
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Annealing at higher T (~320 °C) triggers the desorption of Br!31:283-285 and the associated

change in work function?®*28 lowers the band onset to E = -1.29 £ 0.03 eV (Figure 5.3.d,e)
while keeping the effective mass unchanged. The latter may be expected from the absence of
chemical changes on the PPP, but it also underlines the limited effect of the intercalated Br
chains on the polymers, other than altering the supporting substrate and its associated work
function. Annealing to even higher temperature (T > 380 °C) triggers the lateral fusion of
PPP chains.'?>'31 In the initial stages, one can observe the coexistence of the PPP band
together with an additional band at higher energy that we associate with the newly formed
6-aGNRs (Figure 5.3f). At higher temperature, the PPP band practically disappears at
the expense of the new band (Figure 5.3.g) with an effective mass of m* = 0.15 £ 0.02m,.
Other experimental parameters being unchanged, the photoemission signal associated with
PPP is proportional to its surface coverage, thus suggesting a transformation of most PPP
into 6-aGNRs. It is worth noting that such a high yield has not been achieved in our STM
experiments, which always revealed substantial amounts of unreacted PPP (Figure 5.1 and
Figure 5.2). Presumably this relates to the different heating rates in the preparation chambers
for the ARPES and STM experiments, with a potentially strong impact on the kinetics of
this complicated reaction that involves not only the molecular adsorbates, but also important
substrate reconstructions.

The VB onset of 6-aGNRs appears at the same momentum as that of PPP, but its energy
shifts upward by ~0.6 eV to -0.65 4+ 0.08 ¢V. The common momentum of the VB maxima
at 1.43 Al is associated with a periodicity of 4.39 A, in turn related to the adsorbate’s unit
cell, the interphenyl spacing in PPP and the coincident armchair periodicity of 6-aGNR.
Corresponding to the center of the second Brillouin zone, 1.43 A also coincides with the
reciprocal space area where the reactant’s and all products’ photoemission intensity is seen
best, since the band’s spectral weight distribution is known to correlate with the Fourier
transform of the orbitals, and the HOMO orbitals of the various structures studied are all
modulated according to the armchair periodicity.?? 286,287 Thus, since the maximum ARPES
intensity along the direction of its long molecular axis is expected around k values of ~1.45
A1 the reciprocal space region depicted in Figure 5.2 allows an excellent comparison of the

electronic properties of the different adsorbate systems.

PPP, being arguably considered a 3-aGNR, belongs to the same 8p family as 6-aGNR. 14 125,241

Because within each aGNR family the band gap decreases monotonously with increasing
width,'4 125241 the observed upward shift in energy of the VB onset relates again to a de-
creasing band gap (which brings both valence and conduction band (CB) onsets closer to
the Fermi level) when changing from PPP to 6-aGNR. This change in band gap is shown on
Au(111) in the previous chapter 4.12> However, because the stepped structure of Au(322)
substantially lowers its work function as compared to that of flat Au(111), a notable discrep-
ancy in the energy level alignment is expected. As extracted from measurements of the cut-off
energy of photoemitted electrons from either surface (Figure 5.4), the work function changes
by 0.25 eV. Thus, by STS we have now accessed the band gap and energy level alignment of
PPP and 6-aGNRs directly on Au(322) (Figure 5.5).The VB onsets measured by STS appear
at E =-1.34 £ 0.06 eV and E = -0.79 + 0.06 €V for PPP and 6-aGNRs, respectively. Mean-
while, the measured band gaps amount to 3.05 £+ 0.13 eV and 1.88 £ 0.09 eV. If we compare
the STS values on Au(l1l) (see Table 4.1 in previous chapter 4) with the STS (ARPES)
values on Au(322), the offset between the measured VB onsets amounts to 0.25 £ 0.08 eV
(0.2 £ 0.06 eV) for PPP and to 0.56 + 0.1 eV (0.42 + 0.11 eV) for 6-aGNRs. For PPP
the offset equals the 0.25 €V change in work function between the two surfaces (Figure 5.4)
thus closely following an ideal vacuum level pinning scenario.'®® For 6-aGNRs, the slightly
larger offset qualitatively still fits the work function change, but is around 0.2 eV larger. This
minor increase may arise from additional differences in the interface chemistry, like, e.g., an
enhanced GNR-substrate hybridization.'®?88 As will be shown later, there is experimental
evidence hinting at such enhanced hybridization.
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Figure 5.4: Work function measurements of Au(111) and Au(322) surfaces. Photoemis-
sion spectra were taken with the sample biased at -9 V and the absolute work function value
was extracted from ® = hv — Ep — Ecyporf, where Ep and Eu0r have been taken from
the corresponding maxima in derivated spectra. Spectra in the figure have been subsequently
shifted to fit the cut off energy to the extracted work function values.

We now focus and deepen the characterization of 6-aGNRs, whose selective synthesis by
substrate templating is the key point of this work. Its band gap (Eg = 1.88 + 0.09 €V) is
in excellent agreement with previous state-of-the-art calculation based on many-body pertur-
bation theory (in particular the GW approximation) and the addition of substrate screening
through a classical image charge model.?*! Beyond the energy determination, we have char-
acterized the spatial distribution of valence and conduction band orbitals: experimentally wit
conductance maps at the corresponding onset energies an theoretically with DFT calculations.
These are all summarize in Figure 5.6, along with the associated constant current image and
STS spectrum.

The simulated conductance images at the energies of valence (Figure 5.6.d) and conduc-
tion band (Figure 5.6.¢) of freestanding 6-aGNRs are evaluated at 4 A above the molecular
plane. Doing so, one accounts for the differently rapid decay toward the vacuum (where the
STM tip actually probes the states) of the VB and CB orbitals due to their different wave
function symmetries.!!%243 The lacking phase cancellation of the CB orbitals at the GNR
sides causes these states to extend further into the vacuum along the ribbon’s edges (Figure
5.7). By contrast, the oscillating phase along both the transverse and longitudinal GNR di-
rections of the VB states’ wave functions causes a faster but more homogeneous decay of the
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Figure 5.5: Constant current dl/dV spectra of PPP and 6-aGNRs on Au(322) (I, = 430
pA), revealing their correspondingly different band gaps and band onset energies.
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LDOS toward the vacuum (Figure 5.7).11%243  Ag displayed in Figure 5.6.c,d, taking these
effects into account by simulating the conductance maps at 4 A above the carbon backbone, a
good agreement is obtained with the experimental measurements. In addition to complemen-
tary constant-height dI/dV spectra displaying no increased conductance anywhere around Ep
(Figure 5.6.b, such good agreement allows the unambiguous assignment of the observed onsets
in Figure 5.6.a to VB and CB, since the nodal structure and wave function symmetry of the
VB-1 and CB+1 are completely different. That is, due to the arguments described above, the
VB-1 would be observed strongest along the GNR sides, while the CB+1 would display two
nodal planes along the ribbon axis (Figure 5.7). The calculations, however, do not reproduce
the additional superstructure with twice the armchair unit cell period that is clearly resolved
in the experimental images. The superstructure is particularly visible along one of the sides
of the GNR, and the reason for it is found in the underlying substrate, not included in our
calculations.

Armchair graphene nanoribbons aligned along the compact [101] direction are commen-
surate with every second unit cell.'2%131 On flat Au(111), the molecule-substrate interaction
is so weak that STM and STS measurements show no signature of such commensuration in
the nanoribbon’s signal.'?> 131 However, a different scenario appears as GNRs interact with
under-coordinated (and thus more reactive) Au atoms like those at the step edges. Under
these circumstances the interactions of Au with GNR and the associated hybridization is
stronger, translating into an evident fingerprint of the commensuration in the ribbon’s elec-
tronic density of states. The fact that this commensuration fingerprint is more visible along
one of the GNR'’s sides (top GNR side in Figure 5.6.c) relates to the position of the step edges.
Careful image analysis reveals that the GNRs are tilted across two neighboring terraces with
the substrate step off-center, that is, closer to one of the two GNR sides (Figure 5.8). As
a consequence, this particular side will hybridize more strongly with the substrate and thus
show a more pronounced imprint of it in the imaging of the GNR orbitals.
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Figure 5.6: Spectroscopic characterization of 6-aGNR’s electronic structure on Au(322).
(a) Constant-current (I = 430 pA) and (b) constant-height dl/dV point spectra on a 6-aGNR
(in blue), revealing the valence and conduction band onsets. Au(322) spectrum (in grey) is
included as reference.(c) Constant-current STM image of a 6-aGNR and the associated dl/dV
maps at the energies of the (d) valence band onset (I; = 1.05 nA, Vs = -0.8 V) and (e)
conduction band onset (I; = 1.05 nA, Vg = 1.1 V). The simulated dl/dV images for valence
and conduction onsets, evaluated at 4 A above the C backbone, are superimposed on the
right side of the experimental conductance images for comparison. The molecular structure
of the 6-aGNRs is superimposed on both experimental and simulated dl/dV images as a guide
to the eye. A location used for the point spectroscopy on the GNRs (a) is marked by the blue
cross in panel b.
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Figure 5.7: DFT calculations displaying the differently fast orbital decay towards vacuum
for VB and CB. (a,e) Wave functions of the VB and CB, and b-d simulated STM images
integrating 100 mV around its onset at distances of (b) 1 A, (c) 2 A and (d) 4 A above
the carbon backbone. The contrast in simulated STM images is saturated to their maximum
range in each of the cases. (i) Wave functions for VB-1, and CB+1 are added to those of the
VB and CB for comparison of their symmetries, from which the VB-1 is expected to display a
similar behavior to the CB, while the CB+1 is expected to behave rather like the VB in terms
of their height dependence or the orbital decay toward vacuum.
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Figure 5.8: Tilted structure of 6-aGNRs. (a) Constant-current STM image (with and without
a subtracted plane to emphasize the molecular structures or the topography, respectively)
marking the step positions (dashed grey lines). Their position with respect to poly-para-
phenylene chains are extracted from their imaging on incompletely covered steps (e.g. left
step, lower area). Position of adsorbate-decorated steps are in turn marked according to areas
covered with PPP and its known alignment relative to the steps. The 6-aGNR edges shift (as
compared to the alignment of the connected PPP segments, marked with solid black lines)
towards the upper (lower) terrace when they fuse with a second PPP wire from the lower
(upper) terrace. The result is a tilted 6-aGNR across the steps of Au(322). (b) Profile along
the marked red line in (a), together with an approximate schematic representation of the
substrate, PPP and 6-aGNR structures positions. Constant current imaging parameters: |y =
102 pA, Vs = -0.92 V.
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5.3 Conclusions

In conclusion, we prove a new strategy toward the selective synthesis of GNRs, namely the
use of substrate templating. Combining a stepped Au(322) surface and DBTP precursors, we
report the first selective synthesis of 6-aGNRs. Furthermore, the uniaxial alignment imposed
to the products by the substrate has allowed us characterizing the electronic properties of 6-
aGNRs by angle resolved photoemission, in addition to density functional theory calculations
and scanning tunneling microscopy/ spectroscopy. Thereby, not only the bandgap, but also
another important figure of merit in GNRs has been accessed, as is the valence band’s effective
mass.
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Part 111

Chiral Graphene Nanoribbons

The synthesis of atomically-precise GNRs has fruitfully produced a large variety of
armchair and chevron-like ribbons. 11 16:118,122,129-133,139,140, 143-145,150, 242,289, 290
However in comparison, known examples of zigzag and chiral GNRs are really
limited. The scarce examples of zGNRs!!7:153:255 can be explained by the higher
reactivity of their edges, which may show a pronounced interaction with the sub-
strate thus hampering an effective on-surface growth. As well, chGNRs are largely
unexplored to date, although they represent an interesting type of GNRs since dif-
ferent calculations state that their electronic structure can display both the width-
modulated semiconducting band gap of aGNRs and the localized edge states of
zGNRs.4%:59763 The few examples found in literarute just report on their synthe-
sis,?01,291294 hyt do not address their innate electronic structure.

The third part of this thesis aims to explore chGNRs. In the forecoming chap-
ters, we firstly focus on key synthetic aspects such as the impact of the halogenated
positions within the molecular precursor and its innate chirality on the synthesis
of chGNRs. Lastly, we study their electronic structure and how it can be modu-
lated from a semiconducting to a metallic behaviour, giving rise to the emergence
of localized edge states.
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Chapter 6

Substrate-independent growth of
chiral graphene nanoribbons

The result of the bottom-up methodology employed by Cai and coworkers in 2010 afforded
the synthesis of the first armchair graphene nanoribbon with atomic precision, i.e. 7-aGNR,
on Au(111) and Ag(111)by the use of 10,10’-dibromo-9,9’-bianthracene (DBBA) molecular
precursor.!! Surprisingly, the use of the same precursor on Cu(111) resulted in the formation
of (3,1)-chGNRs.291:29 This result was subject to debate since the polymerization does not
involve the carbon atoms attached to bromines.??672% However, the debate was settled by
unambiguous high-resolution imaging of the resulting bonding structure.?°! In fact, the same
(3,1)-chGNRs were obtained from the dichlorinated and non-halogenated version of DBBA
precursor,?°1:292 ynderlining how the higher catalytic activity of Cu(111) favores the C-H ac-
tivation at C2(2’) positions over the carbon-halogen scission at C10(10’) positions, indicating
that the surface-assisted dehydrogenative coupling outweigh the Ullmann-like route observed
for dibrominated precursors on Au(111). These examples evidence the delicate balance be-
tween carbon-halogen and surface-assisted C-H activation, dictated by the specific halogen
and substrate employed in every case.??? Moreover, as recently observed on the intermediate
reactive surface Ag(111), the use of the dichlorinated precursor resulted in the formation of
both 7-aGNRs and (3,1)-chGNRs,?** showing how the ratio between these two can be tuned
by the reaction parameters (i.e. the sample annealing slope) and the presence of co-adsorbed
species. Additionaly, the precursor shape and so their adsorption configuration, can have a
determining impact on the reaction pathway.?%2 All these different synthetic scenarios high-
light a complex interplay between the halogen-carbon scission energy, the substrate catalytic
effect, the precursor geometry, the reaction kinetics, and the influence of different species.

Nevertheless, these observations inspired the results of this chapter in which we exchange
the halogenated position in the pionneer DBBA precursor to test its impact in the formation
of GNRs in different metallic surfaces. This has been shown to work independently of the
used substrate, as proven with growth studies on Au(111) and Ag(111). A similar study
on Cu(111) is out of the scope of this chapter due to the readily proven growth of (3,1)-
GNRs from precursor 1 (and even from non-halogenated precursors) on that substrate.?!-292
However, also on Cu(111), we show how changing the halogen functionalization site, and
thereby changing the polymerization mechanism from a selective C-H bond activation to
Ullmann coupling, is still a significant advancement by greatly increasing the resultant GNR
length. These results are published in ref.2%*
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6.1 Synthesis of (3,1)-chGNRs on Au(111) and Ag(111)

In particular, the bromine atoms in positions 10,10’ of precursor 1 (Figure 6.1.a) are shifted
to positions 2,2’ in precursor 2 (Figure 6.1.b) , which are the positions selectively activated
on Cu(11l) and through which the polymerization preceding the (3,1)-chGNR formation
takes place. Starting from precursor 2, the reaction pathway associated with the surface-
supported synthesis of (3,1)-GNRs is closely related to the well-known transformation of
precursor 1 into 7-AGNRs.!t That is, in a first step, the molecules polymerize by Ullmann
coupling into polymer 2. This polymer is a highly non-planar molecular structure in which
the steric hindrance between the hydrogen atoms in neighboring anthracene units drives their
alternating tilting. As a consequence, the polymer’s imaging by STM displays a sequence
of protruding features that we associate with the up pointing ends of the anthracene units
(Figure 6.1.b). This correspondence is highlighted by yellow circles in the wireframe chemical
structure and in the STM image. In a following reaction step, CDH sets in and polymer 2
transforms into the planar (3,1)-chGNR structure, as can be directly discerned in the high-
resolution STM images in Figure 6.1.b.
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Figure 6.1: (a) Schemes of the chemical reactions of precursor 1 on various metallic surfaces.
On Au(111) and Ag(111), it affords armchair GNRs. On Cu(111), it affords chiral (3,1)-GNRs.
(b) Our work (highlighted with the red line) reports the transformation of reactant 2 into
chiral GNRs independently of the substrate [Au(111), Ag(111), and Cu(111)]. Associated
STM images are shown for poly-2 after initial polymerization by Ullmann coupling (5.6 nm x
2.2nm, Iy =0.09 nA,Vs = 1.5 V), as well as for the final (3,1)-GNR after cyclodehydrogenation
(5.6 nm x 2.2 nm,ly = 0.2 nA, V5 = -650 mV), both on Au(111). Steric hindrance causes
poly-2 to be nonplanar. The high parts (circled in yellow) are correspondingly marked in the
polymer’s wireframe structure above.
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Figure 6.2 summarizes, as observed by STM, the growth process of (3,1)-chGNRs on top
of Au(111) and Ag(111). On either substrate, the images correspond to the same sample
at different stages of its growth: after deposition of precursor 2 on substrates held at room
temperature, after being annealed to 150°C, and after being annealed to 205 °C.

We first focus on Au(111) (Figure 6.2, top). After room temperature deposition, the
molecules aggregate into islands of linear structures formed by a zig-zag arrangement of pro-
trusions comparable to those expected from polymer 2 (Figure 6.1a,b). Upon annealing to
150 °C, we observe clear changes in the sample’s topology. It is difficult to discern changes in
the STM contrast within the linear structures. The periodicity along the chains on Au(111)
changes from 8.6 + 0.6 A at RT to 8.3 + 0.6 A at 150 °fC. Thus, in spite of their differ-
ence, the clear overlap of the error margins doesn’t allow concluding structural changes from
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Figure 6.2: Growth of (3,1)-chGNRs from precursor 1 on (top) Au(111) and (bottom)
Ag(111). (a-f) Large-scale (36 nm x 36 nm) and smaller-scale (10 nm x 6.5 nm) STM images
on Au(111) and (g-1) Ag(111) of the same samples at different growth stages: (a,b,g,h) after
deposition on substrates held at RT, (c,d,i,j)and after being annealed to 150°C, and (e,f,k,I)
to 205°C. STM imaging parameters are (a) |y = 0.086 nA, Vg = 1.4 V; (b) It = 0.086 nA,
Ve =15V; (c) ly = 0.16 nA, Vs = 1.76 V; (d) |y = 0.16 nA, Vs = 1.76 V; (e) I, = 0.16
nA, Vs = 047 V; (f) It = 1.29 nA, Vs =-0.13 V; (g) It = 0.09 nA, Vs =15 V; (h) |y =
0.06 nA, Vs = -2.02 V; (i) I, = 0.36 nA, Vs = 1.76 V; (j) k = 0.36 nA, Vs = -1.6 V; (k) I
= 0.42nA, Vs =1.07 V; and (1) Iy = 0.19 nA, Vs =-0.13 V.
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these measurements. Instead, we infer chemical changes from RT to 150 °C from the rest of
morphological changes in combination with the determining XPS analysis (shown in the next
section). After annealing at 150 °C, the overall length of the chains substantially increases
and the spacing between them (perpendicular to the structure’s long axis) becomes less reg-
ular and decreases the minimum distance (Figure 6.2.c,d). Annealing to 205 °C brings about
more notorious changes, displaying arrays of planar structures clearly recognizable from the
edge topology as (3,1)-GNRs (Figure 6.2.¢,f).

In the case of Ag(111), two distinct sections are observed after molecular deposition at
room temperature. On the one hand, we find regions of ordered, linear structures packed
side by side (Figure 6.2.g). The linear structures are imaged again as zig-zagging protrusions
(Figure 6.2.h). Instead, other regions display a disordered arrangement of adsorbates with
increased mobility and a much larger apparent height (£ 2.7 A vs + 1.8 A). The areal
ratio between these two different sections is approximately 1:1 (Figure 6.2.h). Annealing
to 150 °C brings about the growth of the ordered, linear structures at the expense of the
disappearing disordered regions (Figure 6.2.i,j). As opposed to the findings on Au(111), on
Ag(111), the arrangement within the ordered arrays of linear structures remains unchanged
after this annealing. Annealing the sample to 205 °C triggers the cyclodehydrogenation and
thereby the ultimate formation of (3,1)-GNRs (Figure 6.2.k,1).

6.2 Growth characterization by temperature-dependent XPS

Complementary information on the chemical transformation process is obtained from core-
level XPS measurements. As in the STM experiment, molecules were deposited on Au(111)
and Ag(111) substrates held at room temperature. The samples were then annealed stepwise
while their Br 3p and C 1s core-level spectra were monitored. The data are summarized in
Figure 6.3.

On Au(111), the molecules remain intact upon deposition at room temperature and only
start showing chemical changes for substrate temperatures of around 125 °C. As the temper-
ature increases above that threshold, the most evident change in the core-level spectra is a
pronounced shift of the Br 3p peaks to ~2 eV lower binding energies. This effect is well-known
from other studies on Ullmann coupling of different precursors and relates to the dehalogena-
tion process and the new chemical environment as Br detaches from the organic molecule
and binds to the metallic surface.!3!:283:300 Concomitantly, the C 1s peak displays a smaller
shift (~0.3 €V) to lower binding energies. Similar C 1s shifts have also been observed in pre-
vious studies on Ullmann coupling with different precursors an surfaces, for which a variety
of explanations have been given: (i) bond formation between the carbon atoms hosting the
generated radicals and the substrate atoms or adatoms,?8%3% (ii) a change in the supramolec-
ular assembly prior to dehalogenation that brings about changes in the interaction with the
substrate,’! or (iii) a change of work function caused by the chemisorption of Br to the
substrate.?®3 We discard the first because on Au the formation of organometallic compounds
is disfavored and the molecules are known to polymerize as the radicals are formed.'?7:301
We also discard the second because we observe the C 1s and Br 3p shifts simultaneously in
a correlated way. Thus, we ascribe the observed C 1s shift to the change of work function
generated by the metal-bound Br atoms. Besides, this is further supported by the changes
observed in the core levels as the temperature is increased further: as Br desorption starts
to set in, the C 1s level shifts in the opposite direction, toward higher binding energy. A
similar shift on closely related systems has also been ascribed to different reaction processes
like the transformation from an organometallic to a polymer phase3°%:3%2 or cyclodehydro-
genation.?®3 In addition to the chemical change, these reactions also cause an alteration in
the molecule-substrate distance that may, in turn, additionally affect the core hole screening
effects and thereby the core-level spectra. However, we can again discard these justifications
for our system because we know the polymerization and cyclodehydrogenation to occur at
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Figure 6.3: Temperature-dependent XPS monitoring of chGNRs growth from DBBA
precursor2. Photoemission spectra of the C 1s core levels of precursor 2 deposited on (a)
Au(111) and (d) Ag(111) held at room temperature and their evolution as a function of
sample annealing temperature. (b,e) Similar measurements of the Br 3p core levels. (c,f)
Br 3p spectra, together with their associated fits (blue and green lines correspond to organic
and metal-bound Br components, respectively), of two representative temperatures marked
with the colored lines in (b) and (e), respectively. The spectra are shifted along the intensity
axis for better comparison.

lower temperatures. Altogether, XPS on Au(111) thus shows that the structures observed on
Au(111) at room temperature are a non-covalent self-assembled supramolecular arrangement,
polymerizing only upon annealing above 125 °C, in line with the overall sample topology
changes observed by STM at 150 °C and described above.

On Ag(111), the molecules are readily partially dehalogenated upon deposition at room
temperature. This is clearly observed in the Br 3p core-level spectra, which shows the coex-
istence of organic and metal-linked Br atoms in a 1:1 ratio. As the temperature is increased,
the metal-bound Br increases at the expense of the organic Br. From the correlation with the
STM observations, we can readily ascribe the pristine precursors to the disordered structures
found at room temperature and the dehalogenated molecules to be the building blocks form-
ing the ordered structures. As in Au(111), the dehalogenation brings about a minor shift to
lower binding energy in the C 1s spectrum, which shifts back again as the Br is desorbed at
higher temperatures. Again, we ascribe the dominating effect behind the C 1s shifts to the
changes in work function as Br binds or leaves the metal surface. However, spectroscopy-wise,
this leaves the question open as to what is the nature of the linear, ordered structures formed
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by the dehalogenated precursors. Do those radical species link covalently or via metal-organic
coordination, as is commonly the case on Ag at temperatures below ~ 150 °C. In the absence
of clear spectroscopic fingerprints, the answer will be given based on periodicity analysis along
the one-dimensional structures, organometallic structures typically having significantly larger
periodicities than polymers,301,303,304

6.3 Covalent or metal-organic? : Linear periodicity analysis

DFT calculations for freestanding structures predict periodicities of 9.52 A for the metal-
organic chain (Figure 6.4.c), 8.21 A for the polymer (Figure 6.4.b), and 8.96 A for the flat
(3,1)-GNR (Figure 6.4.a), the latter in good agreement with the value of 8.89 A that results
from assuming an undisturbed graphene lattice for the GNR. Our STM measurements reveal
the periodicity of the GNRs to be 9.0 + 0.8 A, excellently fitting the calculations. For the non-
planar structures, we observe the same periodicity at room temperature and after annealing
to 150 °C, with an average value of 8.2 + 0.7 A. The value is similar to that of poly-2 on
Au(111) (8.3 £ 0.6 A) and in excellent agreement with a polymeric phase, with the error
margins remaining clearly below the metal-organic periodicity (Figure 6.4.d). Thus, in spite
of the flexibility associated with the nonplanarity of polymer 2 and the metal-organic chain,
which may introduce minor uncertainties in the calculated periodicities, the results still allow

us to conclude that the polymer is directly formed after dehalogenation.

As only reported with a few other systems,??> we thus observe a covalent polymer forma-

tion readily at room temperature instead of the metal-organic intermediates reported with
most precursors linking through Ullmann coupling on Ag(111) and Cu(111).157:283,301,302 The
reason behind this may be sought in the different coordination geometry imposed by the non-
planar precursors, readily known to be a critical aspect in the coupling pathway followed
by this family of aromatic precursors.?”2 As observed in most previous Ullmann coupling
studies on Ag surfaces, Ag atoms present linear coordination geometry,!3”:301:302 while the
anthracene units hosting the generated radicals upon dehalogenation of precursor 2 display
a strong tilt with respect to the substrate plane due to the steric congestion within the or-
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Figure 6.4: Relaxed structures for (a) free-standing (3,1)-GNRs, (b) poly-2, and (c) metal-
organic chains. (d) Comparison of the periodicities of the calculated structures with those
measured experimentally for the GNRs and for the nonplanar structure on Ag(111). The
latter fits the polymer period, and its error margin (shown as the standard deviation) is well
below the periodicity of the metal-organic chain.
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ganic backbone (Figure 6.4.c). Under these circumstances, and based on our experimental
observations, we conclude that the metal-organic intermediate is not sufficiently stable and
the reaction directly proceeds toward the polymeric phase.

6.4 GNRs’ length dependence on reactions temperature

As noted above, at 205 °C, the GNRs are fully cyclodehydrogenated on both Ag(111) and
Au(111). Similarly, low cyclodehydrogenation temperatures (177 °C) are reported for pre-
cursor 1 on Ag(111),'2? but higher temperatures, similar to those required on Au(111), are
needed to really form GNRs (377 °C).1%!29 On Cu(111), the required temperature for fully
cyclodehydrogenated GNRs to be formed is 250 °C.201:297 Most remarkably, precursor 2 ren-
ders fully dehydrogenated GNRs at significantly lower temperatures than precursor 1 even
on the low reactivity Au(111) surface. This surprisingly large change relates to the substan-
tially altered strain in the two polymer structures since sterically induced strain is known to
weaken the involved C-H bonds and thereby lower the cyclodehydrogenation barriers.306:307
In polymer 1, the anthracene units are linked covalently along their short axis by a bond
that allows free rotational movement with respect to their neighbors. This freedom results
in alternatively tilted anthracene units along the polymer backbone so as to minimize the
steric hindrance from opposing H atoms. Instead, the anthracene units within polymer 2 are
linked covalently to their neighbors both along their long and short axes. Thus, although
the anthracene units still display the same alternative tilt to reduce the steric hindrance, the
covalent bonds along the long anthracene’s axes limit the structure’s rotational freedom, re-
sulting in a substantially strained geometry. It is this strain opposing the anthracene’s tilting
which favors the planarization of the structure and thus reduces the cyclodehydrogenation
temperature threshold regardless of the substrate.

Both on Ag(111) and Au(111), the cyclodehydrogenation threshold is between 150 °C,
at which no cyclodehydrogenation is observed, and 205 °C, at which the whole sample has
readily become fully planar (Figure 6.2). On Ag(111), where polymerization readily starts at
room temperature, there is still a substantial temperature gap before the onset of cyclodehy-
drogenation. However, on Au(111), the threshold temperatures for polymerization (~125 °C)
and cyclodehydrogenation are in close proximity. This may have an impact on the growth
process and the resulting GNRs since liberated H in the cyclodehydrogenation process could
quench the available radicals and terminate the polymerization. To shed light on this issue,
we have increased the number of sampling temperatures, figuring the cyclodehydrogenation
onset on Au(111) to be below 175 °C, at which most of the sample has readily become a
planar GNR but some of the polymer units still remain unreacted (inset in Figure 6.5) A
systematic GNR length analysis of samples as a function of the substrate temperature upon
reactant deposition is shown in Figure 6.5, with all samples having coverages of around 0.8
ML. For temperatures below the cyclodehydrogenation threshold, a second annealing step to
205 °C was applied to the sample for GNR formation before performing the length analysis.

Representative distributions for selected temperatures are shown in Figure 6.5a, making
immediately obvious that high temperatures narrow the distribution significantly and prevent
formation of long GNRs. Because of the asymmetric length distribution, we take the median
length as a representative value and plot it versus substrate temperature upon first deposi-
tion (Figure 6.5b). We observe an important drop in the length with increasing temperature
once the cyclodehydrogenation threshold is passed. Under this scenario, radical step growth
and cyclodehydrogenation take place simultaneously. Thus, radical quenching by liberated
H atoms competes with the radical stepgrowth polymerization. Deposition on Au held at
room temperature and subsequent annealing to cyclodehodrogenation temperatures suffers
from the same effect because the precursors on the surface remain intact at room tempera-
ture, and bothpolymerization and cyclodehydrogenation occur during the same subsequent
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annealing process. However, the length-limiting effect is less pronounced, among other rea-
sons, due to the finite heating rate. Longest GNRs are obtained at substrate temperatures
that first activate polymerization, only to form the GNRs in a subsequent annealing process.
Under these circumstances, GNRs in excess of 30 nm can be easily obtained, well beyond the
longest (3,1)-GNRs obtained from 1 on Cu(111).2% Moreover, additional studies to maximize
GNR lengths by optimizing surface coverages or heating rates may bring about even further
improvements in the future.
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Figure 6.5: (a) Length distribution of GNRs grown on Au(111), at coverages close to the
full monolayer, for different substrate temperatures upon first deposition. For temperatures
below the cyclodehydrogenation threshold (T < 174 °C), a second annealing step to 205 °C
was applied to the sample for GNR formation by cyclodehydrogenation. (b) Median length
for each substrate temperature. The inset depicts an STM image (7.4 nm x 2.9 nm, |y =
0.16 nA, Vs = 0.47 V) of a sample deposited at 174 °C, revealing a mostly, but not yet fully,
cyclodehydrogenated structure. This value has been thus taken as the cyclodehydrogenation
threshold temperature.
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6.5 Synthesis of (3,1)-chGNRs on Cu(111)

Lastly, we have confirmed the suitability of this molecular precursor to form longer (3,1)-
GNRs than precursor 1 also on Cu(111). This is shown in Figure 6.6 and underlines the great
advancement provided by this new GNR precursor. In addition to the (3,1)-GNR formation,
a concomitant etching of triangular holes into the remaining uncovered Cu(111) surface is
observed, lined along their sides by Br atoms (Figure 6.6.a). A detailed study and description
of this process, however, is beyond the scope of this paper. We also want to note that the GNR
length analysis of this sample on Cu(111) (Figure 6.6.c) should not be compared with that on
Au(111) (Figure 6.6) because the growth was performed in a different chamber with different
coverage and a different heating rate, two parameters that may play an important role in the
length distribution. However, most importantly, we want to remark that, different from what
occurs with precursor 1 on Cu(111), the precursor 2 allows on the one hand to grow chiral
GNRs on different materials not relying on specific and strong molecule-substrate interactions.
On the other hand, on all surfaces studied, it forms long GNRs that easily exceed several tens
of nanometers, a great advantage for their implementation in actual device structures.
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Figure 6.6: (3,1)-chGNRs growth on Cu(111). (a,b) Constant-current STM images (a) (36
x 36 nm? , l;= 0.58 nA, Vg= -400 mV) and (b) (100 x 100 nm? , l;= 0.05 nA,Vs= -200
mV). (c) GNR length distribution as obtained from large-scale images as in (b), showing a
significant portion of GNRs to be longer than 40-50 nm and the average and median length
values well above those of GNRs grown from precursor 1 on Cu(111). The inset depicts a 10
x 10 nm? close-up view of the GNRs (I;= 1.0 nA, Vs= -150 mV).
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6.6 Conclusions

In conclusion, inspired by the previously reported system-specific growth of (3,1)-GNRs on
Cu(111) from precursor 1, we have designed an alternative precursor 2 that renders the
same (3,1)-GNRs but now independently of the substrate material. This has been proven on
Au(111), Ag(111), and Cu(111), revealing additional advantages of the use of this monomer in
the growth of selective and atomically precise GNRs, as is the substantially increased length
of the resultant GNRs and the low processing temperature required for their formation. Fur-
thermore, the growth process has been followed in detail combining corelevel spectroscopy,
scanning tunneling microscopy, and density functional theory calculations, providing a clear
correlation between the spectroscopic fingerprints and the different reaction processes, as well
as revealing the unusual absence of a metastable metal-organic intermediate preceding the
covalent polymerization in the Ullmann coupling process on Ag(111).
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Chapter 7

Halogen activation hierarchy during
surface-promoted Ullmann coupling

In the previous chapter we show how the smart pre-design of the halogenated position in the
molecular precursor can result in the controlable synthesis of the desired graphene nanoribbons
on different metallic surfaces. Since the first coupling mechanism between monomers involves
the cleavage of carbon-halogen bonds, those halogenated positions rule the formation of the
final graphene nanoribbons after cyclodehydrogenation. This fact highligths the remarkable
relevance and versatility of Ullmann coupling in the controlled synthesis of carbon-carbon
covalent bonds, and therefore in the formation of complex one- and two-dimensional struc-
tures.12, 111,162,308 * A gtep beyond the controlled synthesis of C-C covalent bonds resides in
the development of hierarchical synthetic processes, this is, controlled sequences of reactions
which promote the correct step-by-step connection of molecules in the formation of complex
molecular structures. With Ullmann coupling, this hierarchy can be achieved by functionaliz-
ing the carbon backbone with different halogens, since each of them features different energy
barriers for the scission of its carbon-halogen bond.'46:290:309-314 Thyg if an energy gradi-
ent is provided to the sample (e.g. common thermal annealing), we can control the order in
carbon-halogen bonds scission and promote a controlled multi-step coupling of the precursors.

In this chapter we show how, even when using the same halogens, a selective activation
of specific C-Br bonds can be obtained depending on their location within the same aromatic
precursor. Our combined STM, XPS measurements and DFT simulations reveal that this site-
selectivity is driven by the substrate and the X shape conformation of the precursor. At the
preferred adsorption configuration of the precursor, the halogens display different distances
to the metal surface, which leads to a strongly modulated catalytic effect of the substrate for
each C-Br bond.
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7.1 Growth of GNRs from TBBA precursor

The precursor employed in this case is 2,2’,10,10’-tetrabromo-9,9’-bianthracene (TBBA, Fig-
ure 7.1.a). In the previous chapter we commented on the reactivity of similiar dibrominated
precursor with halogens atoms either located at 2(2’) or 10(10’) positions. The former ren-
ders chGNRs on Au(111), Ag(111) and Cu(111) (Figure 7.1.c,e). The latter forms aGNRs on
Au(111) and Ag(111) (Figure 7.1.b,d), and chGNRs on Cu(111), where the coupling selectiv-
ity given by the halogen excision is overruled by the higher catalytic effect of the susbtrate.
It remains unclear which would be the dominant route on a less catalytic substrate using a
precursor with haloge atoms at both 2(2’) and 10(10’) positions. Here, we employ TBBA
precursors (Figure 7.1.a) on Au(111) in an attempt to specifically address this interplay.

After TBBA deposition, UC is thermally-induced at ~450 K and TBBA precursors form
bianthrylene polymers. Figure 7.2 shows different scale STM images of this phase. As ob-
served also with either type of DBBA reactants, the polymers appear aggregated into islands,
indicating the presence of attractive intermolecular forces. These polymers are seen as a series
of zigzagging lobes corresponding to the up-pointing termini of anthracene subunits. The lat-
ter arrange in an alternatingly tilted non-planar configuration to minimize the steric hindrance
exerted by the neighbouring hydrogen atoms. Because this zigzag-display is shared by both
armchair and chiral GNRs,'»2®* an unambiguous determination of the polymer structure is
not straightforward at this point.

Figure 7.2 also reveals the presence of a disordered network surrounding the polymeric
islands and spreading over the remaining Au(111) surface. A closer look reveals that this
web consists of single circular adsorbates arranged either in line or in a zigzag manner (Fig-
ure 7.2.d,e). Similar networks have been observed for submonolayer coverages of halogens
on Au(111),315:316 a5 well as with other GNR, precursors with a large stoichiometric halogen
ratio,?'! which leads us to the conclusion that these adsorbates are bromine atoms. This kind
of networks has not been observed in polymers formed from similar di-brominated precursors
because the halogens are preferentially placed underneath the up-pointing anthracene ends,
“hidden” from the scanning probe.?!” The observed Br network is thus assigned to the addi-
tional Br atoms as we change from dibrominated to tetrabrominated reactants, which can no
longer be incorporated below the polymers. This finding underlines that both 2,2’ as well as
10,10’ positions are dehalogenated at this stage.

After polymerization, intramolecular CDH is induced by annealing the sample to higher
temperatures, thereby turning the polymers into planar GNRs. At this point it is easy to
identify from the lateral edge morphology that the resulting product is exclusively (3,1)-
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Figure 7.1: Possible synthetic routes expected from (a) TBBA precursor. (b) Debromi-
nation and Cyo-Cy9 UCfollowed by CDH leads to (d) aGNRs formation. (c) Debromination
and Cy-C, UC leads to (e) chiral GNRs formation. Note that primed position x” is chemically
equivalent to the corresponding unprimed position x and either would yield the same GNR.
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Figure 7.2: Polymers from TBBA precursor (a-c) STM images of polymeric phase. (a) 50
nm? (Vo= 1.4V, ;= 140 pA). (b) 25 nm? (V4= 1.4V, l;= 140 pA). (c) 12.5 nm? (V5= 1.5
V, lt= 1.0 nA) with superimposed wireframe model where only the carbon skeleton is shown.
(d,e) STM images (Vs= 65 mV, ly= 250 pA) showing bromine atoms arranged (d) in zigzag
and (e) in line. (f) Line profile corresponding to the red line in (e)

chGNRs (Figure 7.3). This implies a dramatically favored UC via the 2,2’ positions between
the debrominated precursors, which is a surprising result given the well-known preferred
reactivity of acenes at their central ring positions.>'® 32!  Ullmann coupling itself being a

multistep reaction, the observed preference may arise from any of the different steps. Reactant
diffusion can be discarded because it would affect both halogen positions alike. A difference
in the barriers associated to the bond formation between two nearby carbon radicals is also

unlikely, since they are typically much lower than the barriers associated with the homolytic
322

cleavage of the C-Br bonds.
step.

Thus, the homolytic cleavage seems to be the determining

Figure 7.3: GNRs resulting from TBBA precursor. (a) 100 nm? (Vs=1.1V, l,= 80 pA). (b)
25 nm? (Vs= 1.0 V, ly= 120 pA). (c) 12.5 nm? (V5= 50 mV, ;= 0.5 nA) with superimposed
wireframe models showing only the carbon backbone.
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7.2 XPS characterization of carbon-halogen scission

We have indeed proved the sequential Br activation by temperature-dependent XPS measure-
ments. Figure 7.4.a depicts the evolution of Br 3d core level spectra in the temperature range
displaying the changes. At low temperatures, the spectra evidence two different sets of Br 3d
doublets (marked with green red arrows, respectively), each associated with one of the differ-
ent Br pairs. As the temperature is raised, the doublet at higher binding energies dissappears
first (green arrows), with a relatively sharp transition temperature around 525 K. We thus
associate this Br 3d doublet to the Br at 2,2’ positions (green arrows). Subsequently, the
second doublet also fades (red arrows), although with a smoother temperature dependence.
Concomitant with the dissappearance of those two core level doublets, a new one appears at
more than 2 eV lower binding energies, associated with the atomic Br adsorbed on the metal
surface (blue arrows). Its intensity profile (Figure 7.4.b) as a function of the temperature
(at ~68.9 eV, see the vertical dashed blue line), reveals two distinct increases that correlate
with the activation temperatures of each of the ’organic Br pairs’, marked respectively with
green and red horizontal lines as a guide to the eye. Finally, at around 615 K the Br 3d
core level intensity dissappears, evidencing the Br desorption from the surface. Because Br
desorbs preferentially as HBr,>'":323 this desorption temperature can be associated with the
cyclodehydrogenation temperature, at which H becomes available for Br atoms to combine
with and desorb. Although the threshold temperature values extracted from the XPS and
STM analyses differ, this may relate to the different chambers and temperature mesurement
methods (pyrometer vs. thermocouple, respectively). However, most importantly their com-
bination unambiguously reveals a stepwise activation of the different Br species within the
reactant.
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Figure 7.4: Photoemission spectra of precursor TBBA. (a) Photoemission spectra of the
Br 3d core levels of precursor TBBA and their evolution as a function of sample annealing.
(b) intensity profile at ~68.9 eV (vertical dashed blue line) reveals the two distinct intensity
increases with temperature.
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7.3 DFT-calculated adsorption of TBBA on Au(111)

For a better understanding of the experimental findings we performed DFT calculations on this
system. We studied the homolytic cleavage of C-Br bonds in TBBA and dibromoanthracene
(DBA) molecules in the gas phase and found that the 10,10’ positions exhibit a slightly
higher reactivity (i.e., a lower C-Br dissociation binding energy) than the 2,2’ positions with
a marginal difference of 1.1 kcal/mol for both molecules, suggesting that having an additional
neighboring DBA subunit (as in TBBA) has a negligible impact on the dissociation binding
energy of C-Br bonds (i.e., DBA and the more sterically congested TBBA have almost identical
C-Br dissociation binding energies). The preference for 2,2’ positions for TBBA on Au(111)
surface must thus have a different origin.

To address a possible influence of the substrate, we investigate the relative stability of two
adsorption configurations in which the C2-Br can be either oriented towards (Figure 7.5.a) or
away from (Figure 7.5.b) the surface. Both configurations show a dihedral angle between the
anthracene subunits of ~127°, consistent with the relatively low energy cost (~5 kcal/mol)
needed to distort from the 90°optimum angle calculated for TBBA molecule in gas phase
(Figure 7.6). We find that the adsorption geometry with Co-Br pointing towards the surface
is 0.387 eV more favorable, making it the dominant configuration on Au(111). Although as
deposited molecules are difficult to image experimentally and display notable polymorphism
and disorder, the best recognizable structure indeed fits an assembly of molecules with the
Co-Br pointing down (Figure 7.7). Interestingly, in this conformation bromine atoms located
at positions 2 and 2 are closer to the surface by ~0.27 A than those at positions 10 and
10’ (Figure 7.5). A difference that may be further enhanced as the temperature increases,
taking into account the vibrational modes of the respective C-Br bonds (with the Cy-Br bonds
pointing towards the surface more than C10-Br). As the homolytic cleavage of the C-Br bonds
can be catalyzed by metallic substrates,3?? we associate this proximity to the substrate with
an enhanced catalytic effect on the Co-Br bonds, which in turn promotes the polymerization
along the 2,2’ rather than along the 10,10’ positions.

b

Figure 7.5: Simulated models for the adsorption of TBBA precursor on Au(111). Ad-
sorption configuration with C2-Br pointing (a) towards or (b) away from the surface. The
yellow, gray, red, and white spheres represent the Au, C, Br, and H atoms, respectively.
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Figure 7.6: Optimum TBBA conformation in gas phase. (a) Relaxed structure of gas-phase
TBBA calculated at the PBE-D3/def2-TZVP level. The bromine positions (2, 2’, 10, and
10") are indicated. This global minimum conformation features a dihedral angle (defined by
the 'x’ symbols, 0°means eclipsing Br atoms at 2 and 2’ positions) of 90°, that is, the two
anthracene subunits are perpendicular. The gray, red, and white spheres represent the C, Br,
and H atoms, respectively. (b) Calculated energy profile for the rotation around the single
C-C bond connecting the anthracene subunits of TBBA in gas phase.

Figure 7.7: Non-reacted TBBA molecules deposited on Au(111) tentative model of
this particular ordered structure. The molecules display alternating orientation and the
structure is presumably stabilized by halogen bonding of the Br atoms along the molecular
rows. Only the Br atoms at 10,10’ positions and facing out of the molecular rows are observed
(every second molecule along the rows), the rest being hidden from the scanning probe by
the neighboring up-pointing anthracene units



Halogen activation hierarchy during surface-promoted Ullmann coupling 79

7.0nm
FTer =i

Figure 7.8: chGNRs from DBBA and TBBA precursors. Comparative images of samples
obtained with (a) 2,2'-DBBA after annealing to 590 K (Vs= 0.8 V, ly= 20 pA ) and with
(b) TBBA after annealing to only 530 K (Vs= 0.8V, lt= 50 pA )

Lastly, it is important to note that the chiral ribbons display a variety of widths, which in
turn indicates a lateral fusion of the polymers. Although the cyclodehydrogenative fusion of
GNRs has been reported earlier and would lead to similar results,!2% 129, 131-134,274,324 4 thig
particular case it can be discarded. The reason for this is that while samples prepared from
2,2-DBBA reveal no lateral fusion of the chiral ribbons after annealing to temperatures of
590 K (Figure 7.8.a), starting from TBBA at a similar coverage we observe wider, fused GNRs
readily at 530 K (Figure 7.8.b). The additional halogenation thus appears to be an efficient
way to increase the chiral ribbons’ widths (with its associated impact on their electronic
properties?’?) with only mild annealing treatments.

Knowing that 530 K is not sufficient to drive the lateral cyclodehydrogenative fusion, the
presence of radicals must be involved. It seems unlikely that GNRs would display radicals
at the 10,10’ positions because they would most probably be immediately saturated by the
hydrogen released in intramolecular CDH. We can thus conclude that the lateral fusion must
occur in the polymeric phase, when the polymers may still be displaying the radicals at the
10,10’ positions and following the alternative coupling direction outlined in Figure 7.1.b. The
fact that most ribbons are only one-monomer wide implies that this lateral coupling is not very
effective. This may be ascribed to two different factors that may both contribute, presumably
playing together. One is the chiral nature of reactants and polymers, which only allows UC
between molecules with the same chirality. The deposited reactants being a racemic mixture,
there is a 50% chance for two neighboring polymers to display the same chirality and thereby
allow for lateral UC. In addition, the steric hindrance between the up-pointing anthryl units of
neighboring polymers sharing the same chirality may interfere and further limit their coupling.
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7.4 Conclusions

In conclusion, we have evaluated the reactivity of multiple C-Br bonds located at different
positions within the same aromatic precursor and observed how the relative distance of the
halogens with respect to the substrate results in the selective activation at C2 sites due to the
closer proximity to the catalyst. This favored reactivity promotes one of the possible reaction
pathways and limits the product formation to chiral GNRs. Particularly interesting is the
fact that substrate-favored debromination at C2 position overrules the well-known preferred
reactivity of acenes at the central rings (C10 positions in the case of DBBA precursor). Our
results underscore the critical influence of the catalytic substrate on surface-assisted Ullmann
coupling. We also demonstrate the use of surface adsorption to design new synthetic strategies
that redirect the innate reactivity of aromatic molecules. Specifically, surface adsorption can
afford new hierarchical synthetic routes even when carbon atoms are functionalized with the
same halogen atoms.
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Chapter 8

Transferring molecular chirality
through multi-step reactions

So far in this part, we studied the reactivity of different brominated bianthracene precursors
focusing on the type of graphene nanoribbons formed at the end of the synthetic process.
However, we did not consider an intrinsic feature of these molecular precursors, that is, their
chirality and how it can be transferred to the resulting graphene nanoribbons. Indeed this
is a relevant issue since, although the fine management of chiral processes on solid surfaces
has progressed over the years, yet still faces the need for the controlled and enantioselective
production of advanced chiral materials. Therefore in this chapter, we use enantiomerically
enriched molecular precursors and study the transmission of their innate chirality throughout
a multistep on-surface reaction. Making use of bond-resolved scanning tunneling microscopy,
the absolute chirality of the various species synthesized here is unambiguously determined at
the single molecule level. We demonstrate all variants of chirality transfer within one system
as it undergoes a sequence of surface supported chemical reactions: from chiral reactants to
chiral polymers, and from the latter to prochiral endproducts.
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8.1 Introduction to molecular chirality on surfaces

Chirality (or handedness when referring to molecules), the property of an object of being
non-superimposable onto its own mirror image, is ubiquitous in nature. The relevance of this
concept, discovered by Louis Pasteur and his groundbreaking work on tartaric acid crystals in
the middle of the 19th century,3? is well-known long ago in several branches of science.?6 For
example, most biological molecules (such as proteins, enzymes, carbohydrates, etc.) present
a certain chirality, essential for their proper function. Stereoselective reactions are also often
used in chemistry in order to arrive at specific enantiomeric products. These reactions indeed
draw great interest among the pharmaceutical industry since the effectiveness of most medical
active components depend on the particular chiral arrangement of their chemical components,
whereas using a different chiral configuration of the same drug may result in serious and
undesired side effects,>?” as was observed during the infamous Thalidomide disaster in the
1950s.328

As the scientific community realized the relevance of understanding and controlling chiral-
ity in daily processes, enantioselective synthesis eminently emerged as an important field in
academic and industrial chemistry. In this context, solid surfaces appeared as a good candi-
date for the development of heterogeneous enantioselective catalytic processes.?? With time,
chirality became a topic of interest within the field of surface science, profiting from the appli-
cation of new analytical techniques. One such example is scanning probe microscopy, which
allows the identification of an adsorbate’s absolute chirality readily at the single molecule
level,33Y in contrast to the much more complex conventional methods, which require the
analyte’s crystallization (in turn needing relatively large quantities) and subsequent X-ray
diffraction analysis. The earliest on-surface experiments addressing chirality in ultra-high
vacuum conditions arrived at the end of the last century, reporting on the formation of chi-
ral nanostructures (molecular domains, clusters and/or single molecules) after the deposition
of molecular racemates on different two-dimensional surfaces, analyzed by means of low-
energy electron diffraction,?3%332 scanning tunneling microscopy?®3%3337335 and atomic force
microscopy.?36:337 These pioneering works revealed the presence of additional intriguing as-
pects of chirality on surfaces to be addressed at the nanoscale, such as prochirality. Prochiral
molecules, having a mirror plane symmetry parallel to their carbon backbone, are defined as
non-chiral (or achiral) molecules that can become chiral in a single step. This step can be
achieved, for instance, by adding a two-dimensional surface at one side of the mirror plane i.e.
enantiofacial adsorption. Then the system, formed by adsorbate and surface, becomes a three-
dimensional object and superposition between molecules adsorbed on different enantiotopic
faces is only possible by reflection with a mirror plane perpendicular to the surface. That is,
chirality can also arise from achiral molecules upon surface adsorption by mirror-symmetry
breaking®3® or by packing into chiral supramolecular lattices.?>® These aspects of chirality on
surfaces are extensively reviewed.340-346

Nevertheless, a key aspect of chirality at the nanoscale only scarcely explored to date
is the transmission of absolute chirality through on-surface reactions, from chiral molecular
adsorbates to the resulting covalent products. Pioneering work from Grim et al. reported on
the conservation of adsorption-induced chirality from self-assembled domains of diacetylene
molecules to homochiral polymeric lattices,'%? as did Zhang et al. in a recent work using
alkylated benzenes.>*” Focusing on intrinsic molecular chirality (rather than adsorption-
induced), particularly noteworthy reports include the use of helical aromatic molecules (so
called helicenes) to study the selective formation of helical diastereoisomers3*®3% or the
transmission of the helicene derivative’s inherent chirality to planar nanographenes through
a sequence of single-molecule reactions.3?!
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8.2 Global overview of the chirality transfer process

The global chirality transfer process is sketched in Figure 8.1. We use chiral 2,2’-dibromo-9,9’-
bianthracene (DBBA) enantiomers as molecular precursors on Au(111) surface. The absolute
chirality of these enantiomers is described by the common notation employed for atropisomers,
i.e. stereoisomers that originate from hindered rotation about a single bond. As shown in
previous chapters, using this precursor racemate, we reported on the growth of graphene
nanoribbons on Cu(111), Ag(111) and Au(111),27%284 observing in every case how the steric
hindrance exerted between different enantiomers drives the Ullmann coupling process in such
a way that essenstially monomers presenting the same chirality link and thus participate
in the polymer formation (sketched in Figure 8.2). Here, the precursors are first separated
according to their chirality in an approximate 98:2 enantiomeric ratio, with a different rotation
of polarized light for each enantiomer (indicated in Figure 8.1, bottom labels). Thus, our
studies are performed with reactants of selected chirality. We start depositing enantioenriched
reactants and then study how the inherent handedness of the precursors evolves through the
different reactions performed on the substrate.

CYCLODEHYDROGENATION ;5

Pol Ymers

ULLMANN COUPLING

(+) enantiomer P (-) enantiomer M

Figure 8.1: Scheme of the different reactions described in this chapter. (Bottom) Non-
reacted chiral precursors. (Middle) chiral polymers. (Top) Pro-chiral planar graphene
nanoribbons. Carbon(bromine) atoms are represented in grey(red). For clarity, just the ter-
minal hydrogen atoms (in white) in polymers are represented. The non-equivalent distances
between up-pointing anthracene ends in the polymer structure are marked in green and black,
respectively.
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Figure 8.2: 3D models illustrating the (a) low and (b) high steric hindrance secenarios during the
coupling of DBBA radical enantiomers. Carbon, bromine and hydrogen atoms are represented
in grey, red and white colors respectively.

8.3 Synthesis of chiral bianthryl polymers

After precursor deposition, UC is thermally induced,'? and enantiomers fuse into polymers.?8*

Figure 8.3a shows a representative image of the system after polymerization of enantioenriched
P-DBBA, where polymers appear aggregated into islands. The reactant’s chirality is trans-
ferred to the polymer, which displays a non-planar structure in which the steric hindrance
between hydrogen atoms leads to an alternating tilting of adjacent anthracene units. Im-
aged with a scanning tunneling microscope, the result is a zig-zag chain of round features
corresponding to the upwards-pointing ends of the anthracenes. The slightly asymmetric
intramolecular distances between these features (d; and dy in Figure 8.3.b,c) can also be
discerned and is associated to each polymeric enantiomer (see Figure 8.1), allowing for the
identification of their absolute chirality. In addition, in the absence of undesired species
and/or defects, the absolute handedness of these structures can be identified or cross-checked
also by analyzing their longitudinal ends, whose oblique orientation depends on the polymer
chirality (Figure 8.4). This unambiguous chirality determination thus allows us to quantify
the enantiomeric ratio, as shown in Figure 8.3.d, revealing a large enantiomeric excess of
P-polymers.

44403

P) (M)
Enantiomer chirality

Figure 8.3: Polymeric phase. (a) Representative overview of the sample (Vs= 1.0 V, ly= 32
pA) after polymerization of enantioenriched P-DBBA, with inset indicating the three growth
orientations of each enantiomeric polymer (red and blue arrows) with respect to Au(111)
crystallographic directions (white arrows). (tbfb) STM images of chiral polymer P (Vs= 0.5
V, lk= 10 pA) and (c) chiral polymer M (Vs= 0.5V, ly= 50 pA) where dashed lines represent
the different discernible intramolecular distances d1 and d2. (d) Percentage of monomers
chirality found in polymers after polymerization of enanticenriched P-DBBA.
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Figure 8.4: Identification of polymers’ absolute chirality by checking their longitudinal
end orientation. Examples (V= 0.5 V, lt= 50 pA) of a) chiral polymers P and b) chi-
ral polymers M with superimposed models where, for an easier visualization, just terminal
hydrogen atoms (in white) are represented.

As marked with the arrows in Figure 8.3.a, substrate-adsorbate interactions steer the
growth of each enantiomer into three orientations with respect to the Au(111) crystallo-
graphic directions, holding a mirror-symmetry relation that demonstrates their chiral nature.
Interestingly, this growth preference is altered for single polymers or islands of small size when
enantioenriched reactants are used (Figure 8.5), or even for larger islands when polymers of
opposite chirality aggregate together. Moreover we notice that, independently of island di-
mensions, the surface reconstruction is lifted below the polymers and the soliton lines modified
so as to surround the islands. This effect is attributed to the strong interaction of halogen
atoms with the surface, as previously reported for similar systems.24:281:352 Although not
visible by STM except along the sides of the islands, it is known from XPS that halogens
are still present on the surface, presumably in between the non-planar polymers?!” (which
thus “hide” them from the scanning probe) and responsible, in analogy to other hydrocarbon

polymers,?80:282 for the attractive interpolymer interactions driving the island formation.

Figure 8.5: STM images (Vs= 1.0 V, ly= 32 pA) showing examples of polymers P islands out
of main growth orientations (circled in white dashed lines).
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8.4 Synthesis of prochiral graphene nanoribbons

Higher temperature annealing triggers cyclodehydrogenation on polymers, transforming them
into planar prochiral GNRs.?®* These ribbons are commonly termed as chiral GNRs in lit-
erature (as in other chapters of this thesis) due to the chiral vector (or chiral angle) with
respect to graphene high-symmetry directions, that defines their edge topology.®® However,
being adsorpted on a two-dimensional surface makes them prochiral structures, as we refer
to them hererin. Although not technically correct, for the sake of simplicity we maintain the
same nomenclature of ‘P’ and ‘M’ when referring to each ribbon prochirality. Each prochiral
ribbon’s axis is deviated ~14 degress from the [112] (and equivalent) substrate directions.
Figure 8.6 shows a representative overview of the samples obtained from enantioenriched
P-DBBA (Figure 8.6.a) and enantioenriched M-DBBA (Figure 8.6.b), respectively. As for
the preceding chiral polymers, the adsorbate-substrate interactions drive an epitaxial align-
ment along three well-defined orientations for ribbons of each prochirality. The associated
epitaxial model extracted from high-resolution images is displayed in Figure 8.6.c showing
commensuration at every second unit cell of the chiral ribbons.
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Figure 8.6: Epitaxial growth of prochiral GNRs on Au(111). Representative topographic
overview of the GNRs (Vs= 0.5 V, l;= 40 pA) obatined from (a) enantioenriched P-DBBA
and (b) enantioenriched M-DBBA, with an inset indicating the three growth orientations of
each prochirality (red and blue arrows) with respect to Au(111) crystallographic directions
(white and black arrows). (c) Epitaxial relation exemplified with three-monomer-long GNRs
on Au(111). Prochiral GNRs P and M are represented in red and blue colors, respectively.
Blue/orange dashed arrows depict the commensuration every two unit cells. The translational
adsorption site in the model is arbitrary because the particular adsorption position could not
be unambiguously extracted from the experimental images.
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By functionalizing the metallic STM tip with a CO molecule we can gain sub-molecular
resolution®>3 and discern the internal aromatic structure of every adsorbate-substrate configu-
ration (Figure 8.7.a-h). Such unambiguous determination of the prochirality again allows the
quantification of the enantiomeric ratio for the GNRs formed from enantioenriched P-DBBA,
revealing an enantiomeric excess of P (Figure 8.7.g) that matches, within the error margins,
the ratio previously observed for the polymers . In the same way, making use of enantioen-
riched M-reactants we observe a numerically comparable enantiomeric excess, this time of
prochiral M-GNRs (Figure 8.7.j). In this frame, it is important to remark that a random
adsorption process of prochiral molecules on achiral surfaces cannot favor a particular prochi-
rality. However, it is the use of an enantiomeric excess of chiral reactants, in combination with
chirality transfer across the reactions, which has allowed us obtaining unbalanced prochiral
adsorbates.3%!

At this point we compare and analyze the evolution of the enantiomeric ratios at each stage
across the complex multistep reaction process. The HPLC analysis of reactants rendered a
P:M enantiomeric ratio of 98:2, while STM analysis rendered 95.7 + 1.2 : 4.4 £+ 0.3 for the
P-polymers, 93.4 +£ 2.1 : 6.6 £ 0.6 for P-GNRs and 98.8 + 2.2 : 0.2 £+ 0.1 for M-GNRs.
Although the enantiomeric excess seems to be slightly change across subsequent stages, the
changes remain almost within the error margins, making this differences almost negligible.
In contrast, what can be unambiguously confirmed is that the reactant’s chirality can be
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Figure 8.7: Bond-resolved prochiral ribbons in all their orientations on Au(111l). a-
fConstant-height current maps (Vs= 2 mV, l;= 50 pA) with a CO-terminated tip showing
each prochiral GNRs in their three growth orientations on Au(111). Scale bars all correspond
to 3 A. (h,i) Enantiomeric distribution counting the number of monomers forming the GNRs
after cyclodehydrogenation of (h) sample of polymers P displayed in Fig. 8.3 and (i) a
complementary sample from enatiomer M.
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transferred across the various substrate-supported reactions in spite of the increasingly high
activation temperatures. The possible mechanisms which could promote chirality inversion
at each synthetic step are the following. For single monomers, the energy provided during
evaporation at 435 K, and/or as the sample is heated for on-surface polymerization at 415 K
could cause anthracene units to exchange their relative position with respect to the central
C-C bond linking them. This scenario seems, however, unlikely, since the reactant’s chirality
in solution is preserved for annealing temperatures up to 515 K, the temperature at which
the precursors start to show degradation rather than chirality exchange. Following the same
principle, the same anthracene interconversion could happen once monomers have polymerized
when annealing toward the CDH temperature (625 K), although in this case it would require
a concerted change of all monomers along the whole polymeric chain, which may enhance the
energetic barrier even further. Finally, the prochirality of GNRs may be lost if polymers or
GNRs 'flip’ over on the surface. This process, however, may intuitively show an energy barrier
not far from that of desorption, which on the other hand seems unsubstantial for the system
and the temperatures employed. Thus, also this chirality exchange mechanism seems unlikely,
supporting the experimentally observed chiral transfer across the whole reaction sequence.

Lastly, Figure 8.6.a,b also reveals other important details: (i) the recovery of the Au(111)
herringbone reconstruction over the whole surface, (ii) the unidirectional alignment of chi-
ral GNRs within each herringbone reconstruction domain and (iii) a periodic interspacing
between the parallel ribbons. The first point relates to the desorption of Br as the tem-
perature is increased.?1:323 Upon desorption, its strong interaction with both the substrate
and the adsorbates disappears. The former allows for the reappearance of the herringbone
reconstruction, while the latter lowers the intermolecular interactions, no longer driving the
adsorbate’s agglomeration into islands. These two effects in turn cause the unidirectionality
and periodicity of GNRs (in case of enantioenriched samples only), related to a now dominat-
ing molecule-substrate interaction in combination with the templating effect of the recovered
reconstruction. As previously observed with many other aromatic adsorbates,?>*3% also for
GNRs, the slightly higher electron potential in the reconstruction’s face-centered-cubic (fcc)

Figure 8.8: Preferential nucleation on fcc regions between inward elbow dislocations. a) STM
image (Vs= 1.0 V, lt= 100 pA) of Au(111) surface reconstruction with indications on some
inward /outward elbow dislocations (green/white squares), preferred nucleation sites on fcc
regions between inward dislocations (green circles), ffc and hcp regions (white blue lines) and
[11-2] and equilavent crystallographic orientations (white arrows). b) STM image (Vs= 0.3
V, ly= 30 pA) showing preferential nucleation of pro-chiral ribbons M on inward dislocations
(green dashed lines) over outward dislocations (white dashed lines).
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regions ( Figure 8.8.a, white lines) with respect to the hexagonal-closed-packing (hcp) re-
gions®” (Figure 8.8.a, blue lines) cause a favored adsorption on the former.358:3% These fcc
trenches align with the [112] and its two equivalent directions (Figure 8.8.a, white arrows),
alternating between two of them in each reconstruction domain. In particular, our GNRs
adsorb preferentially in the broadest fcc regions (Figure 8.8.a, green circles), corresponding to
the herringbone elbows with 'pinch-in’ dislocations®>® (Figure 8.8.a, green squares). On the
one hand this causes the GNRs to bunch in the pinch-in elbows (Figure 8.8, green deashed
lines), leaving most pinch-out elbows empty (Figure 8.8.b, white dasehd lines) at least for
low coverage and short ribbons. On the other hand it defines the GNR orientation, since
one of the three epitaxially equivalent directions for GNRs of each prochirality maximizes
its adsorption length on fcc sections as compared to the other two orientations, which would
display more soliton crossing points and hcp adsorption regions. Given the large enantiomeric
excess of one chirality, a clearly dominating GNR orientation is observed on each herringbone
domain. Coming now to the periodicity of the interspacing, we measure a mean distance of
6.8 + 0.2 nm independently of GNRs prochirality (Fig. 8.9) or herringbone domain. Taking
into account the herringbone reconstruction’s periodicity of ~63.4 A, and the ~14 degrees
deviation of the ribbons with respect to the herringbone soliton lines,?° the reconstruction’s
periodicity perpendicular to the GNR’s orientation direction is ~65.3 A, in close agreement
to the observed GNR spacing.

| [ | |
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Figure 8.9: STM images showing the interspacing of pro-chiral GNRs (left) P and (right) M,
where green lines correspond to height profiles located at the bottom of each image.
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8.5 Conclusions

In conclusion, we have performed a complete transfer of intrinsic molecular chirality from
reactants to intermediates and final products. Enantioenriched reactants that present en-
ergy barriers high enough to maintain any conformational change were used in order to pro-
mote their chirality throughout the different surface-assisted chemical reactions accounted for
this chapter. Our results pave the way to exploiting these energy barriers in different poly-
cyclic aromatic hydrocarbons for the stereoselective on-surface synthesis of enantiomerically
pure compounds of current interest such as graphene nanoribbons and other pi-conjugated
molecules, including nanographenes and cyclophanes. The controlled production of these chi-
ral compounds represent a key aspect for the study of physicochemical phenomena directly
related to their chiral nature, such as heterogeneous enantioselective catalysis or optical activ-
ity, and therefore for the development of forefront devices such as spin filters®$? or circularly
polarized light detectors.6!
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Chapter 9

Electronic structure of chiral graphene
nanoribbons

The previous chapters of this part focused on the growth of chGNRs, studying on different
substrates the impact of the halogenated positions in the molecular precursor and their innate
chirality in their synthesis. Since most of the examples found in literature report on synthetic
aspects of chGNRs, their electronic structure lacks a precise description. Although some
spectroscopic measurements were performed on (3,1)-chGNRs on Cu(111),2% the assessment
of important figures of merit like the band gap value or the frontier band’s effective masses
are still required. Therefore, hereafter we aim to explore the electronic structure of chiral
graphene nanoribbons.

In this chapter, we firstly characterize the electronic structure of narrow chGNRs by
(Fourier transform-)STS, observing a clear semiconducting behaviour on Au(111). On such
a surface, hybridization effects with the substrate are weaker and the ribbon’s properties are
easier to probe. Next, the use of the vicinal surface Au(322) results in the uniaxilly aligned
growth of chGNRs along the substrate terraces, thus enabling the complementary use of
averaging techniques such as ARPES to study the occupied band. Lastly, we evaluate the
role of cGNRs width in the emergence of zero-energy edges states by the synthesis of cGNRs
of different width still preserving the chiral edge orientation. Part of the results shown in thsi
chapter are published in ref.??
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9.1 Semiconducting band gap of narrow chGNRs

Figure 9.1a shows chGNRs resulting from five DBBA monomers where the internal bonding
structure is resolved with a CO-functionalized tip.3*® The electronic properties of the ribbons
are first characterized by STS. Figure 9.1b displays a representative dI/dV point spectrum on
a ribbon, together with a reference spectrum on the surrounding substrate. Because tunneling
conductance is proportional to the LDOS at the probe position, one can clearly distinguish
the onset of the ribbon’s valence and conduction bands. From a statistical analysis of several
tens of ribbons, we find the band onsets at -0.22 4+ 0.05 V and 0.45 4 0.02 V, respectively.
Although the resulting band gap of 0.67 4+ 0.06 €V is larger than that obtained from DFT
calculations (Figure 9.1c), the understimation of band gaps is a well-known limitation of
DFT.?3® However, the constant-height conductance maps at the bands’ onset energies (Figure
9.1d,e) show excellent agreement with the calculated wave functions (Figure 9.1f,g) of the
frontier states of valence and conduction band at the gamma point (despite being measured
with a CO-functionalized tip).?%2 This is also confirmed by constant-current conductance
maps with a non-functionalized metallic tip (Figure 9.2), where clear GNR-related density of
states appears as the energy reaches either band onset, evidencing similar patterns as those
in Figure 9.1. Those patterns are clearly different for VB and CB, the latter appearing with
a characteristic wavefront structure, while the former displays a more complex sequence of
lobes. Both conduction and valence bands display a dispersive behavior as they deviate from
I’ (Figure 9.1¢). A fingerprint of it is found in conductance maps over a wider energy range
of the VB, revealing an additional energy-dependent LDOS modulation along the ribbon axis
(Figure 9.3a-f).
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Figure 9.1: Electronic structure characterization of (3,1)-chGNRs. (a) Constant-height
bond-resolved image (Vs= 2 mV, lt= 50 pA) with a CO-terminated tip and a momoner
model superimposed. (b) Representative dl/dV point spectra with Au(111) signal (in gray)
included as background reference (open-feedback parameters: Vs= 1.0 V, I;= 0.5 nA, mod-
ulation voltage Vims = 0.1 mV). (c) DFT calculated band structure. (d,e) Constant-height
conductance maps (1.7 nm x 5.2 nm; open-feedback parameters: Vo= 0.2 V, l;= 0.06 nA,
modulation voltage Vims = 1.0 mV) near the VB (-300 mV) and CB (450 mV) onsets. (f,g)
DFT simulations of the wave functions for states at the onset of VB and CB (at I" point) on
an area equivalent to dashed rectangle in panels (d) and (e). Red and blue colors represent
isosurfaces of positive and negative wave function amplitudes for an isovalue of 0.015 A-3/2,
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Figure 9.2: Constant-current maps of (3,1)-chGNRs. (a) STM topography image (13.1
nm x 3.1 nm; Ve=-0.15 V; ;= 1.0 nA) and (b-d) STM constant-current dl/dV maps (13.1
nm x 3.1 nm; ly= 1.0 nA) at (b) CB onset, (c) within the band gap and (d) at the VB onset.
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Figure 9.3: Valence band energy-dependent LDOS modulation. STM constant-height con-
ductance maps (10.3 nm x 2.0 nm; ;= 30 pA; modulation voltage Vims = 12 mV) (@) within
the band gap at -50 mV, (b) near the VB onset at -150 mV, (c) at -250 mV, (d) at -350 mV,
(e) at -550 mV, and (f) at -650 mV, exhibiting confined standing waves along the ribbon.
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9.2 Valence band dispersion analysis by Fourier Transform-STS

To quantify the VB energy-dependent LDOS modulation observed in constant-height maps
(Figure 9.3), we measured equidistant point spectra along the edge of a GNR (Figure 9.4a),
displayed in Figure 9.4b as a function of its position along the ribbon with a color-coded
conductance intensity (z-axis). In addition to the edge periodicity arising from the chGNR
structure, another energy-dependent modulation appears. It coincides with that observed in
the conductance maps (Figure 9.3), in which the number of nodes increases as the energy
departs from the band onset. It relates to the formation of standing waves from electronic
states scattered at the nanoribbon edges, thus holding the band’s dispersion relation infor-
mation. This can be better distinguished in Figure 9.4c, which depicts a line-by-line Fourier
transform (FT) of Figure 9.4b and thus the dispersion of the probed bands.

The VB is observed dispersing down with an effective mass of -0.34 £ 0.05 my, as obtained
from a parabolic fit to the topmost region of the band (red dashed line in Figure 9.4). In
contrast, no dispersion information has been obtained for the CB from the FT-STS analysis.
Indeed, the CB is much harder to detect in STS measurements, as can already be guessed
from the marked asymmetry in the signal strength of the STS spectrum in Figure 9.1b for
valence and conduction bands, respectively. As explained in detail in previous works,% 243
the faster a wave function changes its sign along the ribbon axis, the lesser it extends into the
vacuum along the GNR normal. This makes it less accessible to STM/STS measurements,
where tip-sample distances remain typically above 5 A. Our wave function calculations of
(3,1)-chGNRs in Figure 9.1f,g reveal the CB to change sign along the ribbon axis faster than
the VB, thus agreeing with its poorer detection in our spectral measurements.

01 2 3 45 6 7 8 0.0 1.0 2.0 3.0
Length (nm) k=2q (nm?)

Figure 9.4: Valence band dispersion by FT-STS. (a) Constant-current STM image of the
same ribbon than in Figure 9.3, showing the path (red dashed line) followed by the equidistant
dl/dV spectra. (b) Color-coded conductance signal obtained from equidistant dl/dV point
spectra (open-feedback parameters: Vg= 1.50 V; I;= 0.8 nA; V,ms= 12 mV) on the ribbon
and along the red dashed line displayed in panel g. (c) Line-by-line Fourier transform from
the stacked spectra in panel (b), showing the two-parameter parabolic fit (red dashed line)
used for extracting the effective mass. The additional parabola centered around the Brillouin
zone edge is displayed with a green dashed line. Gray horizontal lines corresponding to the
voltage biases of maps in Figure 9.3a-f are superimposed in panels (b) and (c) as a guide to
the eye.
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Interestingly, additional features in the FT-spectral map of the VB are observed, not
present in previous works performing a similar analysis on aGNRs.!1%243 A replica of the
dispersive band appears shifted by 3.5 nm™ (displayed with a blue dashed line in 9.4c), namely,
centered at the Brillouin zone edge, which is defined by the GNR periodicity arising from its
chiral edges (periodicity a = 8.97 A= 7/(3.5 nm™)). This band replica and the increased
intensity line at the zone edge can be traced back to the additional modulation from the GNR
chirality. The imposed periodicity stresses the Bloch wave function character of the electronic
states, whose coherent addition resulting from scattering events has been previously shown
to lead to exactly those two types of features in FT-STS.263 The periodicity of these features
in reciprocal space can be additionally observed in the line-by-line F'T spectra plotted over a
wider energy and momentum range displayed in Figure 9.5.
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Figure 9.5: Full energy and momentum VB dispersion by FT-STS. Line-by-line FT-STS
data displayed in Figure 9.4c, depicting the complete energy and momentum range experi-
mentally measured, and showing valence band replica along the momentum space.

9.3 Characterization of valence band by ARPES

To compare the VB dispersion properties obtained from FT-STS with results from a more
standard approach, we have characterized the (3,1)-chGNRs also by ARPES. Similar com-
parisons have been performed previously on the VB dispersion of 7-aGNRs?» 140,242,243 ypq
9-aGNRs.* 119 Because ARPES is an ensemble-averaging technique, having uniaxially aligned
GNRs is a requirement to measure the dispersion along a well-defined direction. The aligned
growth of aGNRs has been attempted by using a Au(788) surface as template, 0242 which
features ~4 nm wide (111) terraces periodically separated by steps running along the compact
[10-1] direction. However, because the chiral GNRs studied here display a markedly preferred
growth orientation at ~16°off from the compact [101] (and equivalent) direction (see chapter
8), the Au(788) terraces do not satisfactorily guide an uniaxial growth of the ribbons. Instead,
the growth results in low-quality samples with short ribbons oriented partially along the step
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edges but also along their epitaxially favored directions (Figure 9.6a). The scenario changes
when using narrower terraces. The ~1.2 nm wide terraces of Au(322) are wide enough to
host a (3,1)-chGNR but narrow enough to largely inhibit molecular coupling along any other
orientation than following the terraces. As a result, uniaxially aligned ribbons could be grown
on Au(322), as shown in Figure 9.6b,c.

The subsequent ARPES characterization is displayed in Figure 9.6d,e. Whereas no GNR
signal is observed in the first Brillouin zone and only a weak shadow in the second, the VB is
nicely resolved in the third Brillouin zone. From a parabolic fit to the topmost VB region (red
line in Figure 9.6) we extract values of -0.50 + 0.02 eV and -0.36 £ 0.04 m for the band’s
onset energy and effective mass, respectively. Compared with the results from FT-STS, the
effective mass shows agreement within error margins (-0.36 £+ 0.04 mg from ARPES vs -0.34
+ 0.05 mg from FT-STS), but the band onset is notably lower in energy (i.e., -0.5 £ 0.02 eV
from ARPES vs -0.22 £ 0.05 mV from STS). This onset discrepancy, as explained previously
in chapter 5 (see Figure 5.4), stems from the different workfunction values of Au(111) and
Au(332).

At this point it is interesting to compare the electronic properties of (3,1)-chGNRs and of
7-aGNRs. Both ribbons have comparable widths and result from precursors sharing the same
carbon backbone, although polymerizing along different directions. However, the change in
edge orientation from armchair to a chiral (3,1) direction brings about dramatic changes in the
electronic properties. By way of example, the band gap is reduced from 2.31 £ 0.06 €V in the
former?43:364 to 0.67 & 0.06 eV in the latter, although without evident signatures of the spin-

~
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Figure 9.6: ARPES characterization of VB on Au(322). (a-c) STM images of (3,1)-
chGNRs grown (a) on Au(788) (50 x 50 nm, Vs= 1.0 V, ;=50 pA) and (b,c) on (Au(322) (50
x 50 nm, 10 nm x10 nm, Vs=-0.2 V, l;= 20 pA). (d) Raw signal and (e) second derivative
of the photoemission intensity reflecting the valence band dispersion.
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polarized edge states predicted to appear around the Fermi level in chiral ribbons.*? 61763 This
is presumably due to a too small GNR width and the associated band-gap opening.49-62:63
According to calculations, a closing of the band gap and the appearance of edge states are
predicted to occur either increasing the GNR width or also maintaining a similar GNR width
but with chiralities closer to the zigzag direction (as well as for pure zGNRs).1%6263 In the
next sections we will prove the former.

9.4 Growth of varying-width (3,1)-chiral GNRs on Au(111)

To fabricate GNRs with same edge orientation yet of different widths, our collaborators
from CIQUS (Santigo de Compostela, Spain) synthesized the three different molecular build-
ing blocks shown in Figure 9.7.a-c, namely 2,2’-dibromo-9,9’-bianthracene (DBBA), 2’,6-
dibromo-9,9’:10’,9"-teranthracene (DBTA) and 2”,3’-dibromo-9,9’: 10°,97:10”,9”’-quateranthracene
(DBQA). Each molecular precursor consists on a increasing number of anthracene moieties
that enlarge the width of the resulting chGNRs in a controlled way. After independenlty
sublimating each precursor onto a clean Au(111) at RT, the precisely selected Br-substitution

(a

Precursor 1

6 Precursor 2 (3, 1, 6)-chGNRs

ﬁ Precursor 3
o

Figure 9.7: Synthetic strategy and characterization of (3,1)-chGNRs with different
widths on Au(111). (a-c) Model structures of the three molecular precursors (named
as Precursor 1, 2 and 3, respectively) and (d-f) the resulting varying width (3,1)-chGNRs
after the polymerization and CDH. The bonds in pink highlight the bonds formed upon Ull-
mann coupling. Carbon sites in red(blue) highlight the zigzag(armchair) segments of the
GNRs. Carbons atoms highlighted by green circles give a measure of numbers of carbon
atoms across the GNRs respectively. According to the zigzag(armchair) segments and the
number of carbon atoms across the GNRs, the GNRs are named as (3,1,4)-, (3,1,6)- and
(3,1,8)-chGNRs respectively for simplicity. (g-i) STM overview images (Vs= 1.0 V, l;= 50
pA) of each chGNRs formed on a Au(111) surface. The images share the same scale bar as
labeled in (i).
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sites in each case ensure a polymerization pathway upon UC (at T ~ 200°C) that in every case
provides, after CDH (at T > 250 °C), GNRs featuring the (3,1) chiral edge orientation. STM
images of the resulting structures (Figure 9.7.g-i) show the characteristic straight, planar,
saw-like shape of the ribbons confirming the successful synthesis of atomically precise (3,1,w)-
chGNR with increasing width (w= 4, 6, 8), where the width is defined by the conventional
notation used for describing zGNRs’ width in terms of carbon zigzag lines.t17»25°

9.5 Width-dependent electronic structure transition

To confirm the precise atomic structures of the synthesized chGNRs, we acquired constant-
height current images using a CO-functionalized tip (Figure 9.8.a-c). The images show that
the backbone structures are defect-free and reproduce well the corresponding model structures
of Figure 9.7d-f. Since the images were recorded with an applied bias of 2 mV, the current
maps show how the frontier molecular bands of the narrow ribbon approach Ep when these
structures become wider, as reproduced by the corresponding DFT-calculated band structures

~ZaC B - ‘

[RC N v

- -
an( +

ey iﬁ"‘.’) ..

3 cv"‘“" o"‘f‘q'(qrﬂ"

1n

M

00 05 10 15 20
Distance (nm)

N
o

¢}

w
5
Band Energy (eV)

diidV (nS)

0.0 0.5
Bias (V)
Figure 9.8: Atomic and electronic structure of (3,1,)-chGNRs with different widths.(a-

c) Constant-height current images (Vs= 2 mV) of (3,1)-chGNRs of width (a) w=4, (b)
w=6 and (c) w=8, acquired with a CO-terminated tip, with a monomer models (in white)
superimposed in each case. All the images share the same scale bar as labeled in (c). (d)
Line profiles and (e) dl/dV point spectra on (3,1,w)-chGNRs as indicated in images (a-c).
(f) DFT-calculated band structure of (3,1,w)-chGNRs. The black, blue and red color code
corresponds to (3,1)-chGNRs data of width w = 4, 6 and 8, respectively.
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(Figure 9.8.f). Interestingly, the current intensity on both (3,1,6) and (3,1,8)-chGNRs appears
enhanced at the long edges of the structures (Figure 9.8.d compares current profiles across
the three structures), while such current increase is absent in (3,1,4) chGNRs. This can be
further corroborated by comparing differential conductance spectra (dI/dV) on different sites
of the three chGNRs (Figure 9.8.e). In constrat to the clear gap observed in the narrow
ribbon (spectrum 1) with a LDOS spread over the whole structure (see Figure 9.1 in previous
chapter 9), the spectra measured on the edges of (3,1,6) and (3,1,8) chGNRs show pronounced
peaks close to Ep (spectra 2,3), not observed at the center of the ribbons (spectrum 4). The
appearance of zero-energy peaks, together with their narrow spatial localization of barely 0.3
nm (i.e. one carbon ring) around the edge,” indicates the emergence of edge states on (3,1,6)
and (3,1,8)-chGNRs, which are absent on the narrower species. The bands become more
populated the wider are the ribbons, as it is reflected by the acute peaks in the dI/dV spectra
of Figure 9.8. The presence of zero-energy modes in zigzag and chiral GNRs is the basis for
edge magnetism.

9.6 Conclusions

In conclusion, we have provided a thorough characterization of the electronic properties of
(3,1)-chGNRs on Au(111), which display for the narrower nanoribbons a semiconducting
behaviour with its associated band gap. Moreover, the use of adequately stepped surface
Au(322) allow us to align the GNRs growth along the substrate terraces. Such ordered
samples have been used to characterize the VB dispersion by ARPES and to compare the
results with those obtained from FT-STS measurements. We end up with a fully coherent
picture of the GNR’s band gap (0.67 £ 0.06 V), effective mass (~0.35 mg), and energy level
alignment (shifting with the substrate work function as in an ideal vacuum level pinning
scenario) that will enable a better understanding of their performance in future electronic
devices and allow a rational design of heterostructures with complementary GNRs.

To evaluate the role of the cGNRs width in the emergence of edge-states, we fabricate
atomically-precise chiral grahene nanoribbons displaying different widths yet preserving the
same chiral edge orientation (3,1), using on-surface synthesis strategies. Our spectroscopic
analysis reveals an electronic structure transition from a semiconducting character in the
narrow ribbons, to a (semi)metallic behaviour in the wider structures. Furthermore, we
demonstrate the emergence of zero-energy modes localized at the edges of chiral graphene
nanoribbons wider than six zigzag carbon lines. Although spin-polarized STM measurements
can track this phases in magnetization maps, the use of wider ribbons and surfaces with
lower work-function (e.g. Ag(111)) could be ideal to enhance spin polarization in undoped
species. These observations remark the potential use of these systems for the development of
spintronics applications.
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Conclusions and Outlook

This thesis deepen into the on-surface synthesis and electronic structure characterization
of atomically-precise graphene nanoribbons, in particular, armchair and chiral GNRs. The
technique mainly employed is scanning tunneling microscopy/spectroscopy, together with sup-
plementary surface sensitive techniques such as XPS and ARPES. A great majority of the
measurements are acquired at low temperature, being most of them taken at ~ 5K by the
use of liquid helium. The experimental results are complemented by theoretical simulations
or calculations mainly performed by DFT methodologies.

From a synthetic point of view, the experimental observations on aGNRs have scientific
relevance since this work shows a new example of an effective synthesis of aGNRs by the lateral
fussion of nanowired organic nanostructures. Moreover, depicts an scenario in which this
synhtesis can be selective in terms of the resulting ribbon width and main surface orientation
by the use of a proper substrate as template, adittionally allowing complementary avering
surface techniques like ARPES that confirms the spectroscopic results acquired by means
of STM. Regarding the synthetic aspects observed in the study of chGNRs, here we show
how the resulting edge structure of the GNRs formed can be precisely controlled by tuning
the halogenated positions within the same bianthryl molecular precursors to provide chGNRs
instead of aGNRs, and how this proccess yields an unique type of GNR on three different
metallic substartes commonly employed in on-surface experiments. Moreover, we evaluate the
reactivity of all these halogenated positios present in the same molecule, observing how one
particular position is preferably activated due to the particular adsoprtion geometry of the
molecule which let this prefered position closer to the catalytic surface and thus exposed to
a major catalytic effect than the halogenated positions related to the formation of aGNRs.
Furthermore, we analayze the stereochemistry given along the whole synthetic pathway which
rules the chirality of the intermediate and final products, observing how the innate chiral
configuration of the enantiomeric precursors is conserved and transmitted to the intermediate
chiral polymers, until the final pro-chiral GNRs. Finally, we depict a precise scenario to study
the influence of chGNRs width on the emergence of edge states by the smart design of a family
of molecular precursors which renders three different varying-width chGNRs all presenting the
same chirl edge orientation.

Nevertheless these manuscript’s results on the characterization of the electronic structure
of the synthesized products is particularly fruitful, illustrating in the width-band gap inverse
relation of the first four narrowest aGNRs of the 3p-family, those values within this relation
tendency is mainly defined and presenting semiconducting band gap values with the desired
range for the manufacuring of many digital-logic electrical components. Moreover, we show
how the substrate can have a drastic impact in AGNRs’ electronic structure by effects such
as Fermi level pinning, relevant for the study of metal-molecule contacts at the atomic level.
Regarding ¢cGNRs, we strongly demonstrate that they feature a semiconducting bandgap on
Au(111) within the desired semiconducting range and show no presence of edge states until
certain width, in which they underego a transtition through a semimetallic, to metallic cGNR
with zero-energy modes thightly located at their zigzag-like edges.

All things considered, the amount of results exposed in ths thesis, being most of them
published or through journal evaluation process, suppose a considerable step forward in the
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understanding of the promising and potential role of GNRs in their implementation into post-
Silicon electronic devices, as well as it remarks relevant aspects of the on-surface synthesis
of graphene-like nanostuctures and the role that the substrate can have on this production
methodologies.
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