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Abstract

In this thesis work I studied the structure and reactivity of Lutetium bis-phthalocyanine
(LuPc2) thin films deposited on metallic surfaces. The knowledge of the structure of
epitaxial organic thin films is extremely important to design the next generation of
devices based on organic electronics, because crucial parameters as carrier mobility,
and to an extent charge recombination, critically depend on the molecular configu-
ration and thin film ordering. The second part of the work deals with the reactivity
of molecular thin films towards atmospheric gases. This is particularly important
when considering the lifetime of the device, as at the moment this is one of the
greatest hindrance to the extensive use of organic electronic devices in everyday life.
Phthalocyanine were chosen due to their already wide use in devices and their ease
of process. In particular we chose LuPc2 because, due to the double decker molec-
ular geometry they should present a different reactivity respect to single decker ph-
thalocyanine, as the second macrocycle should hinder the reactivity on the metallic
cation.

The work was carried out with a surface science approach, the thin films were pre-
pared by thermal evaporation under ultra-high vacuum conditions and analysed
by means of Scanning Tunnelling Microscopy (STM) and X-ray Diffraction (XRD)
to achieve a complete characterization of the structure and the morphology. Than
the chemical changes after reaction towards gases were studied by means of X-ray
Photoemission Spectroscopy (XPS) and Near Edge X-ray Absorption Fine Structure
Spectroscopy (NEXAFS) to study:.

We resolved the structure of a LuPc; thin film deposited on Au(111), showing that
the molecules adopt a 3 structure, the interaction with the substrate via the relax-
ation of the surface reconstruction, and demonstrated the templating effect of the
substrate via the epitaxial relations with the overlayer. We then present the surface
morphology at the molecular scale, showing the formation of large (tens of nm) is-
lands composed by a double layer of molecules. From a careful analysis of the STM
images we are able to show the stacking geometry, as well as the relative orientation
of the different domains and compare this results with the one obtained by XRD.
We tested the reactivity of these thin films towards atmospheric gases, in particular
oxygen and water, showing a low reactivity and managing to demonstrate the ad-
sorption sites, which indeed are not the central cation, but rather on the macrocycle.
We also showed how molecular oxygen is a greater threat to the molecular stability
than water.
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Resumé

Cette these présente des les résultats de mes travaux sur la structure et la réactivité
des bisphthalocyianine de lutétium en couche mince.

Dans le premier chapitre je présente un résumé de 1’état de I’art sur les dispositifs
basés sur des matériaux organiques et sur cette classe des molécules. Le chapitre
commence avec une introduction sur 1’électronique organique en général, 1'intérét
qu’elle suscite actuellement, et les principales démarches historiques qui ont amené
a cette situation. Apres une rapide introduction aux principaux dispositifs basées
sur des matériaux organiques, notamment les diodes organiques a émission de lu-
miere (OLED), les cellules photovoltaiques organique (OPV) les transistors organiques
a effet de champs (OFET) avec leurs structures et leurs modes de fonctionnement.
Apres le concept de semi-conducteur organique (OSC) est introduit. Les OSC sont
définies par Maitrot en 1987 comment des matériaux organiques (constitue par des
unités moléculaires bien définies et agrégés a 1’état solide), avec une conductivité
intrinséque entre 1076-1071 Q"' em™!, et possible a doper avec et des donneurs et
des accepteurs d’électrons. Le probleme de la conduction dans des solides qui ne
sont pas parfaitement ordonnés comment les semi-conducteurs inorganiques, mais
présentent toujours un dégrée de délocalisation est discuté.

Evidemment plusieurs facteurs peuvent influencer 1'efficacité des dispositifs. La
structure des films est certainement un des plus importants : il a été démontré que le
7 stacking décale est plus efficace que le structures a chevrons. Un autre facteur tres
important est le degré d’ordre, soit ordre structurale et ordre en énergie, relatif aux
variations locaux des interactions entre molécules. Un autre facteur tres important
est représenté de la possibilité de dégradation de la couche moléculaire. Cet évene-
ment peut se produire a cause de la réactivité des molécules avec des gazes, ou aussi
a cause de I'oxydation du substrat (les métaux utilise pour les contacts électriques
par exemple). Une autre source de dégradation est la température : les composés or-
ganiques sont sensibles méme a température modérément élevée (~ 100°C), qui sont
atteintes dans les cellules solaires organiques en fonctionnement. Le derniere facteur
qui a été prise en compte est l'illumination : les composés organiques blanchissent
sous rayonnement UV, surtout si couple avec la présence des gazes oxydants. Apres
la physique des interfaces a été décrite, et trois types d’interfaces ont été présentes :
interface entre couche organique et métal, entre couche organique e oxyde, et inter-
face entre différentes couches organiques. L'interface Organique/métal est impor-
tante pour les contacts électriques du dispositif, et par conséquent 1’allégement des
niveaux énergétiques est particuliérement important. L'interface organique/oxyde
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est étudiée a cause de la présence de ces isolants dans les OFET et les OPV. Aussi
les oxydes conducteurs sont utilisés autant que contact dans certains dispositifs.
L'interface organique/organique est concerné surtout dans les OPV, ou la couche
active est souvent composée de deux différents matériaux interconnectes (hétéro-
jonctions de volume, BHJ).

Ensuite la description des phthalocyanines (Pcs) est présentée. Ces macrocycle or-
ganiques ont été synthétisée la premiere fois en 1907, et depuis une large quantité de
molécule appartenant a cette classe a été découverte, avec des différents groups au
centre du macrocycle, ou avec des différents groupes fonctionnels, ou notamment
des doubles. Les phthalocyanine sont des molécules organiques composes des qua-
tre unités isoindoliques disposes en carre et rejointes par des azotés pontants. La
cavité peut étre remplie par deux atomes d’hydrogene (H2Pc) ou par des cations
métalliques (MPc). Ces molécules sont tres résistent aux hautes températures et aux
attaques chimiques a cause de leur systeme de 18 électron 7 conjugués, qui fournit
une forte stabilisation. Des HaPcs ont été exposées vers NO, en montrant 1’oxydation
des deux N-H centraux. Si c’est une MPc a étre exposée a des gazes oxydants (Oq,
NO, NOs...) c’est invariablement le cation métallique qui réagit, qui renvoyé a un
probléme de chimie des complexes métalliques.

Une classe similaire de molécules est composée de phthalocyanine doubles. Cela
comprends des molécules ou le cation central (normalement une terre rare en con-
figuration 3+) est trop gros pour étre accommodé dans la cavité du macrocycle, et
du coup est complexé par deux macrocycle, qui se trouvent en position étalée, mais
pas symétrique : 1’angle entre les axes moléculaires des deux plateaux est de 25°. 1l
est important de remarquer est que les deux macrocycle sont électriquement équiv-
alents, cela signifie que tout le deux portent une charge 1.5-. La raison pour laquelle
ces molécules sont intéressantes est qu’elles possedent un orbital occupe a plus haute
énergie (HOMO) et aprés un orbital mi rempli (SOMO) avant 1’orbital vide a plus
basse énergie (LUMO), ce qui le rend en principe facile a oxyder ou a réduire. Les
propriétés électroniques sont, comme en général pour les phthalocyanines, dirigées
par les électron 7, qui donnent vie a 4 bandes d’absorption entre le proche UV et le
proche infrarouge. La bande B a 3.2 eV (transitions des états profonds au LUMO et
LUMO+1), la bande BV a 2.8 eV (du HOMO-1 au SOMO), la bande Q a 1.9 €V (du
HOMO et SOMO au LUMO et LUMO+1) et la bande RV a 1.5 eV (du HOMO au
SOMO).

Dans le deuxiéme chapitre les systemes expérimentaux ont été décrits. L'ultravide
est introduit, avec la raisons principale pour s’en servir (éviter la contamination des
surfaces, qui arrive trés rapidement a pression ambient), et les principales méth-
odes pour le produire et le surveiller. Successivement les vraies techniques expéri-
mentales sont décrites, aprés une introduction au rayonnement de synchrotron, des
que la plupart des expériences présentées dans cette these ont été réalisé dans des
synchrotrons, et aux différentes lignes de lumiere utilisée pendants ces travaux.
La premiere technique montre est la photoémission des rayons X (XPS), avec ses
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principes de base, pour 1'use qualitatif et quantitatif, et I'explication des certaines
techniques de traitement des données utilisées pendant cette these. Puis la spectro-
scopie d’absorption de rayons X (NEXAFS) est introduite, toujours avec les principes
de base, avec un regard particulier sur la possibilité d’étudier I'orientation des molécules.
Apres les détails expérimentaux sont présentes, notamment les méthodes de récolte
des donnes et leur calibration en énergie. Ces deux techniques de spectroscopie
nous ont permis d’étudier les propriétés électroniques des molécules, une fois dé-
posées sur le substrat et apres avoir été exposées aux gazes pour en étudier la réac-
tivité. Troisiéme est présentée la spectroscopie de réflectivité différentielle de sur-
face (SDRS), qui nous a permis de vérifier en temps réel la préparation des notres
couches. A la suite la microscopie par effet tunnel (STM) est présentée, qui nous
a permis d’étudier la morphologie de surface de notres couches. La physique sur
laquelle cette technique est basée est présentée en premier, suivie par certains détails
expérimentaux, la préparation des pointes et la correction de la dérive. Derniere est
présentée la diffraction des rayons X, (XRD), en particulier les techniques qui ont
été utilisée pendant ce travail, le scan 6/26, les pole figures, utilisée pour étudier la
mosaique des échantillons et la diffraction en incidence rasante (GIXD), tres utilisée
dans les études des couches minces.

Dans le troisieme chapitre les résultats sur la structure et la morphologie des couches
minces ( 20 nm) de LuPcy déposée sur Au(111) sont présentés. Les études ont été
menées par XRD et STM. En premier la structure des couches minces de LuPcy dé-
posées sur du Si (100) reconstruit 2x1 terminé avec une couche passivant de Si-H est
étudié. Le substrat est utilisé autant qu’exemple d'un substrat faiblement réactif. Les
molécules s’organisent sur la surfaces avec une structure a chevron, appelée struc-
ture v avec les plans moléculaires presque perpendiculaires a la surface du substrat.
Celui-ci est la structure plus stable dans la poudre, ce qui est raisonnable en con-
sidérant la faible réactivité du substrat. Successivement les résultats sur les couches
minces (20 nm) déposé sur Au(111) sont présentés. Les molécules s’auto organisent
avec les plans moléculaires paralleles a la surface du substrat, probablement avec
la structure «, qui par contre n’a pas été résolue pour des phthalocyanines doubles.
Cette structure se transforme en la 8 avec un recuit a 280°C. La structure est stabil-
isée par un faible transfert de charge du substrat vers la couche moléculaire, qui a été
montré par la relaxation de la reconstruction de surface (herringbone) du substrat.
La couche présente au moins 2 domaines rotationaux, comment a été montré par
des mesures de pole figures. Un étude plus approfondi de l'orientation des domains
de la couche moléculaire relativement au substrat par GIXD avec radiation de syn-
chrotron a été effectué. Les résultats montrent d’abord que, aprés un recuit la struc-
ture « se transforme en la 3, qui a le méme forme dans le plan, carré avec un vecteur
de maille de 19.4angstrom avec les molécules a plat sur la surface, mais probable-
ment un empilement different. Dans un des deux domains les vecteurs de la cellule
unitaire sont presque paralleles a la direction [110] du substrat, le désalignement de

un degree génere deux domains désalignés dans les deux sens par symétrie. Dans
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I"autre domaine c’est la diagonal de la cellule unitaire qui est paralléle a la direction
[110]. Dans les deux cas l'effet prépondérant est 1’alignement des axes moléculaires
sur les directions plus condensées du substrat, pour maximiser les interactions de
type van der Waal. L'effet de modelé des corrugation de la reconstruction a chevron
du substrat est probablement moins important.

La morphologie de surface a été caractérise via STM. La couche est plutot désordon-
née apres un dépot a température ambiante, avec une surface a boulles. Apres un re-
cuit a 280degreeC pendant 10 minutes la surface reconstruit avec des larges terrasses
avec beaucoup des molécules isolées dessus. Un recuit successif a 300°C amené a des
iléaux en forme de doughnut (avec un trou au milieu). Ces iléaux ont par rapport
a la terrasse sur laquelle croissent une hauteur qui est deux fois celui des molécules
isolées. Elles sont donc formées d"une double couche des molécules, probablement
a cause de I'élevée énergie associé a I'interaction molecule-molecule. De fagon simi-
laire le trou au milieu est ,, profond” comme deux couches de molécules. Les iléaux
et la terrasse sous-jacent ont la méme structure dans le plan. La structure est carrée
avec un parametre de maille de 19.4A. Le packing dans le plan suit le principe des
maximiser la distance entre les cycles benzéniques pour réduire la répulsion électro-
statique, avec I'axe moléculaire tourné de 25° par rapport au vecteur de la cellule
unitaire, qui a été confirmé par les calculs DFT. En particulier cet ordre-ci amené
a deux géométries, dont une majoritaire. L'empilage moléculaire suit un principe
different : les molécules s’empilent 'une sur ’autre avec les axes moléculaires paral-
leles. Ces deux conditions amenent a une superposition des anneaux benzéniques,
qui est explicables en regardant la simulation des orbitaux moléculaires, qui mon-
trent que la densité de charge de 'HOMO est surtout localisée sur la moitié du
cycle benzénique, ce qui permet I'empilage en minimisant la répulsion électrosta-
tiques. L'empilement avec les benzenes en position échelonnée est aussi présent,
et ni I'une ni l'autre géométrie ne sont majoritaire. L'investigation des différents
orbitaux moléculaires (HOMO et LUMO) est poursuivie avec des topographies a
différentes tensions (entre +2 V et -2 V), et comparée avec les résultats obtenu par
DFT.

Dans le quatrieme chapitre la réactivité des couches minces de LuPc; est présentée.
D’abord les propriétés électroniques de la molécule isolée ont été étudiées. La de
convolution des pics de photoémission du C 1s et du N 1s est présentée avec une
discussion sur la position des pics de shake-up. En particulier dans le cas du pic
du C la transition de shake-up plus probable est celui entre HOMO—LUMO, dans
le cas du N 1s est plutdt une transition SOMO—LUMO. La spectroscopie NEXAFS
montre que les molécules sont a plat sur la surface d’or, qui est en accord avec les
résultats de diffraction et STM, et les différents pics sont assignés a 1’aide des calculs
DEFT présents en littérature. La réactivité vers 1’oxygene a été étudiée en condition
de ,haute” pression (autour de 1 mbar) avec la spectroscopie NAP-XPS (Near Ambi-

ent Pressure-XPS). Le pic d’oxygene est présent dans les spectres recueillis pendant
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I'exposition au gaz, mais disparait apres la ré-évacuation de la chambre. Ce fait sig-
nifie que I'oxygene ne colle pas sur la couche moléculaire. En plus les pics du C 1s,
N 1s et Lu 4f ne présentent aucun changement. Baisser la température autour de
80 K permet d’augmenter le coefficient de collage des molécules d’oxygene sur la
couche moléculaire. L'oxygene est effectivement physisorbé sur la surface a 88 K. A
I’XPS on voit aussi apparaitre une bosse at haute énergie de liaison (Binding Energy,
BE) dans le spectre du N 1s et C 1s (plus évidente sur le spectre du N 1s), qui aug-
mente avec la dose d’oxygeéne. Le processus est complétement réversible des que le
systeme est réchauffé a température ambient, i.e. 'oxygene est complétement dé-
sorbé et les spectres de la couche apres la désorption sont superposable a ceux avant
I'exposition. La faible température de désorption, couplée avec ’analyse des BE des
composantes additionnelles dans les spectres de XPS nous permet de exclure la for-
mation d’une liaison chimique entre I’'oxygene et la molécule de LuPc;. Avec le sup-
port des simulations DFT on peut formuler ’hypothese que la molécule d’oxygene
soit adsorbée sur un des carbones pyrroliques (atomes de carbone liés a 1’'azote
pyrrolique). La spectroscopie NEXAFS permet de vérifier 1'effet de 'adsorption sur
les orbitaux vides de la molécule, et apres I'exposition a 1’oxygene montre une tran-
sition supplémentaire due a la transition No, — LUMO due aux atomes d’azote
avec un contexte chimique différente a cause de I'absorption d’oxygene. En plusil y
a une inversion des intensités des deux transitions 7%, due a I’épuisement de charge
dans le LUMO. Le NEXAFS sur 1'oxygene montre que une multicouche a été adsor-
bée et confirme aussi que l'interaction avec la couche moléculaire est faible. Aucun
changement n’est vu pour le lutétium.

La réactivité vers l'eau a été testée aussi. A haute pression (et température ambi-
ent) les résultats sont similaires a ceux avec 1'oxygene, ce qui signifie pas de pic
d’oxygene résiduel apres 1’évacuation de la chambre. La seule différence est la
présence d’un shift rigide des pics de photoémission de 0.2 eV pendant I’exposition a
I'eau du probablement a un changement du potentiel de surface ; la position initiale
est récupérée apres 1'évacuation de la chambre. A basse température 1’eau condense
(gele) sur la couche moléculaire, et est désorbé a -107°C. L’absorption ne porte a
aucune variation sur les spectres XPS et NEXAFS du C et N, mais I’analyse du spec-
tre NEXAFS de 1’eau permet de trouver un faible transfert de charge de la couche
moléculaire aux molécules d’eau.

L’exposition a 'air a été également testée. Une couche de contamination est présente
sur la surface de I'échantillon, probablement composée des molécules organiques a
base de C et O (CO ; COs...), qui est enlevée apres un recuit a 280°C pour 15 minutes.
Le recuit permet d’obtenir une surface qui est possible imager avec un STM.

Pour tester I'effet de la structure de la couche sur la réactivité et en particulier sur la
pénétration des gazes un échantillon de LuPcy déposée sur du Si(100) a été exposé
a l'air. Sur le Si(100) propre les molécules ont une structure plutdot amorphe, avec
des domains de structure 7. La couche moléculaire ne fournit aucune protection au
substrat, qui s’oxyde a I'atmosphére. Un appendis est présenté pour comparer les
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résultats obtenu sur les effets de la radiation X sur nos échantillons avec des résultats
de littérature.



Chapter 1

State of the art

1.1 Organic electronics

1.1.1 Introduction to organic electronics

Organic electronics is attracting a lot of interest lately. Figure 1.1 shows the number
of papers found on the Web of Knowledge with search word "organic electronics”,
"organic LED" "organic photovoltaic" and "organic field effect transistors" in the last
20 years. A steady increase is seen for all the three categories, showing the inter-
est of the scientific community for this new promising technology. All this atten-
tion started with the synthesis in 1977 of electrically conducting organic polymers
through controlled halogen doping by A. G. MacDiarmid, A. ]J. Heeger and H. Shi-
rakawa [127]. This work was later acknowledged as a major breakthrough and the
three were awarded the Nobel prize in chemistry in 2000. This opened the gates to
a whole new world for electronics. Organic materials have a lot of unique proper-
ties with respect to their inorganic counterpart. The carbon chemistry is extremely
rich, allowing for countless variations and fine tailoring of the final material: the
first conducting materials were insoluble, and intractable, but functionalization led
to soluble, easy to use materials with the desired properties. All the processes can
happen in solution [96], allowing the final device to be actually printed roll to roll,
firstly shown in 2005 by Makela and coworkers [94], then improved by Krebs [78],
who was able to avoid the use of Indium Tin Oxide as an electrode and now widely
used in industrial production (see for example the paper from Krebs [79] and the
review by Sendergaard [130]). Also another important advantage of organic devices
is the need for only a mild annealing (usually below 200°C), which is very low (and
therefore very easy and very cheap) if confronted with the 1425°C needed for the
Czochralski process for Silicon. Another important aspect in a world that is becom-
ing more and more aware about resources usage is the possibility of producing fully
recyclable devices, as was shown since 2010 by Matyba and coworkers [96] who pro-
duced an OLED (Organic Light Emission Diode) made entirely in plastics, exploiting
graphene as a transparent conducting electrode.

Following the discussion of the three most important class of devices which will

benefit from a switching to an organic-based technology.
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FIGURE 1.1: Number of papers published each year with the key-
words "organic electronics”, "OLED" "OPV’ and "OFET."
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FIGURE 1.2: Pictorial depiction of an OLED device (top) and its en-
ergy level scheme (bottom).

Organic Light Emission Diode Right now OLED is the most industrially exploited
organic-based technology. The organic display TV and smartphone market is worth
almost 35 billion dollars in 2016 (source: IDTechEx). The working principle is quite
simple, and divisible in 5 steps (see Figure 1.2):

1. Voltage is applied between two electrodes holes (electron) are injected in the
organic layer from the anode (cathode)

2. the charge than migrate under the influence of the applied electric field
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FIGURE 1.3: Pictorial depiction of an OPV device (top) and its energy
level scheme (bottom).

3. a moving hole and an electron have to capture one another to form an exciton
(excited state) on a molecule (or on a polymer segment);

4. the exciton has to decay radiatively with the emission of a photon;
5. the photon has to escape from the device.

For the Organic Photo Voltaics (OPV) the process runs in the opposite direction.
In most cases architecture optimization are usually put in place, most notably the
addition of a Hole Transport Layer and an Electron Transport Layer, to better match
the energy levels of the contacts and the active layer. This implies a large number of
interfaces, which all play a fundamental role in the functioning of the device, most
notably in the energy level alignment. OLED with respect to LCD displays offer a
lower power consumption, a darker black (amount of light emitted when the pixel
is switched off) and high contrast.

Organic PhotoVoltaics Due to low efficiency (13.2% being the world record (source:
Heliatek)) their use is not yet wide. But the low cost and the increasing lifetime is
making them interesting for wide area, for example on windows (where only semi-
transparent organic solar cells can be installed). The working principle is the exact
opposite of the OLEDs (see Figure 1.3): a photon is absorbed by the active layer, and
an exciton is formed. The exciton is then split and hole and electron migrate to the
opposite electrodes where they are collected. Usually the charge transport happens
in two different materials, an electron donor and an electron acceptor. The interface
between the two is crucial in both the smoothness (a large contact area between the
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FIGURE 1.4: Pictorial depiction of an OFET device (top) and its en-
ergy level scheme (bottom).

two moieties will allow a more efficient charge transfer process) and in the alignment
of the energy levels. The interfaces with the electric contacts play a very important
role as well in the same way as in the OLED.

Organic Field Effect Transistor Organic Field Effect Transistors (OFET) are the
most interesting organic-related technology. The possibility of producing microelec-
tronic devices by roll to roll printing is extremely attractive for low-cost application
as radio-operate labels where they can be used for example to replace barcodes so a
customer would not have to pass all the items in front of the reader, but just transit
with the full cart in front of the reader. Other applications are information storage,
or as an actuator in active matrix OLED screen to allow the control of single pixels.
Another interesting application is as gas sensors. In this field the interest is due to
their inverted architecture, which brings the semiconductor in direct contact with
the analyte. A field effect transistor (FET) consists of four different parts (see Figure
1.4 top) three metallic contacts for the Source, Drain, and Gate contacts, a semicon-
ducting layer connecting the source to the drain, and an insulating layer to separate
the gate from the semiconducting layer. In an O-FET at least the semiconducting
layer has to be made with an organic material. The working principles of an OFET
are schematized in Fig.1.4. In particular the schema refers to a p-type channel based
on charge accumulation: when a voltage is applied between the Gate and the source
the energy level of the organic align and the charges (in this case holes) can hop
be injected in the organic semiconductor where they start accumulating. When a
voltage is applied between the source and the drain then a current can pass in the

OSC. This working principle is very inefficient due to great off-currents (leakage). It
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TABLE 1.1: Brief summary of the biggest advantages and disadvan-
tages of the organic-based electronic technologies.

PROs \ CONis

Cheap materials Low electrical conductivity
due to low carrier mobility

Cheap processing Processing incompatible
with existing technology

Recyclable Low lifetime

Fast production High leakage current
(bad transistors)

Taylorable

Flexible (adapts to different
surfaces, does not break)

Compatible with existing
technology (silicon)

was not until 2013 that an OFET was demonstrated to work in the charge inversion
mode [91]. They were able to show an efficient depletion and inversion transistor.
Depletion was achieved simply by keeping the OSC layer as thin as possible while
inversion devices were created by doping both the drain and the source contacts to

increase the efficiency in the charge carriers injection.

Comparison with inorganic technologies Table 1.1 shows a brief summary on the
comparison between organic and inorganic based technologies. It is apparent that
for a new technology the advantages are large, in particular the cheaper processes
and materials are appealing, while the flexibility (and the semi transparency) allows
for the use in niches that are impossible to fill with silicon-based devices.

1.2 Organic Semiconductor

The possibility of designing all the above-mentioned devices resides on the avail-
ability of organic materials with semiconducting properties. An intrinsic (inorganic)
semiconductor is defined as a semiconductor with a finite concentration of charge
carriers in absence of doping. The creation of free carriers (i.e. the excitation of elec-
trons in delocalized states) is achieved by thermal or electrical excitation, opposed to
doped semiconductors where it is achieved by adding electrons or electronic states
to the pure material by doping. Organic semiconductors (OSC) were defined in anal-
ogy with a paper by Maitrot in 1987 with the following criteria [93]:
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e It should be a molecular material, i.e. built from well-defined molecular units
which can be synthesized separately and then assembled in some organized
condensed phase (single crystal, thin film...).

e The intrinsic conductivity of the material should be around 1076-1071 Q! em~2.

o The material can be doped with electron donors or acceptors.

TABLE 1.2: Charge carriers mobility for different organic semicon-

ductors: LuPcy, CuPc and polytiophene, compared to amorphous Si

(a-Si:H), single crystal (SC) Si and perovskites. Values taken from
ref.[92] [81] and references therein.

Material p(em?vV-1s™h

a-Si:H 01-2
SC-Si 300 - 1200
InAs 80000
perovskite <2000
polytiophene 2x107°
BCuPc 9.7x107°
LuPcy 1074

The mobility of the three different organic semiconductors (two molecular and one
polymeric) are compared to single crystal (SC) Silicon and to amorphous silicon (a-
Si:H) in Table 1.2, showing way lower values for organic semiconductors. Note that
mobility (p) is related to conductivity (o) by the equation o = nep where n is the
charge carriers density and e is the elemental charge. In inorganic semiconductor
electronic transport happens along delocalized states (bands), in organic materials,
however, the situation is more complex. Two models have been proposed: band
conduction and hopping process, but except from these very strict conditions other
processes are involved. In this case the principal difference between the two models
is probably the community that introduced them. Organic electronics is a contact
point between chemists, who adopt the molecular point of view, and therefore con-
sider individual units, and physicists, who adopt the crystal point of view, and think
in terms of band structure. Indeed a contact point has to be found between the two
extreme pictures. Indeed a contact point has to be found. We can start examining the
models. At one side of the spectrum the Variable Range Hopping (VHR) model is
found, where electronic states are confined on a single molecule, and for the conduc-
tion to happen the charge has to "hop" from one molecule to the adjacent one (see
Figure 1.5 a)) For this to happen a donor molecule and an acceptor one are needed
in the allowed spatial and energy range. The model was first introduced by Mott
[99] for impurity conduction in inorganic semiconductors and can be described by
the equation

P(r,W) = exp <—ar — &) (1.1)
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is the valence band energy, Er is the energy of the trap states, E¢ is
the conduction band energy.

where P is the hopping probability, a is a constant, r is the spatial distance between
hopping sites, W is the energy separation between the two sites, and kgT is Boltz-
mann’s factor. The model is effective in explaining the temperature dependence of
the mobility, which was experimentally found to be a power law. It is clear from
Equation 1.1 that it exists a radius where two adjacent spheres begin to touch each
other. When this condition applies we enter in the field of the Percolation Theory,
where the current is allowed to percolate through a network of conductive material
embedded in a non-conducting environment. At the opposite end of the spectra
there is band theory (see Figure 1.5 c)), where charges do not belong to a single
molecule anymore, but to the whole crystal. Band structure derives from the trans-
lational symmetry of the inorganic crystals, and in fact in ultrapure organic single
crystals "bands", i.e. states delocalized over a few molecules, are indeed found [102].
This model allows to explain the field dependent mobility observed in organic semi-

E
conductors which is of the form of y ~4 with ¢ the dielectric constant of the
me

medium, q the elementary charge ad E the applied field. The dichotomy between
the two cannot be as sharp as depicted: sure molecular overlap is important, but it
cannot be accountable for the loss of 6 order of magnitude passing from single crys-
tal to amorphous pentacene. The answer to this problem are trap states [131]. The
trap states arise from the imperfect stacking in non-crystalline materials or under
coordination which leads to unpaired electrons. These kinds of states are very abun-
dant, up to some percent. Regarding the number of trap state we can range from
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the situation where only trap states exist (Multi-Trap Release or MTR model). This
hybrid model has the advantage of explaining both the temperature and the field
dependence of the mobility and also of unifying two different theories used for the

same phenomenon.

1.3 Factors Influencing the Efficiency of the Devices

As we have seen before the charge mobility is a crucial factor in determining ef-
ficiency of devices based on organic semiconductors. There are, however, a few

different factors that influences charge mobility, which are discussed below.

1.3.1 Film Structure

Charge carrier mobility is known to vary along different crystallographic directions
in inorganic materials. In organic materials, where the anisotropy is even larger
the same rule applies and two structural factors can influence the mobility: molec-
ular stacking and order. The first is closely related to the structure of the material.
Because the transport happens either by hopping or band-like it needs an overlap
between adjacent molecule orbitals. The most common structure adopted in organic
conjugated material is a herringbone-like structure, which is a highly anisotropic
one, with a dense in-layer stacking and a poor overlap between the layers. It was
shown that the interlayer mobility was lower respect to the in-layer mobility by a
factor 3 or 4 [134]. This shows that the herringbone structure might not be the ideal
structure for electric conduction. Other geometries, for example the 7 stacked ones
might be more interesting, as the conduction might as well happen between the lay-
ers. In fact this is rarely true. The actual 7 stacking in fact is not with the molecules
one on top of the other since a cofacial packing would be unfavourable due to the pi
electron cloud repulsion, but is usually displaced along one or two of the molecule
axis [16], which reduces the 7-m repulsion, but might reduce the orbital overlap as
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well. In fact it was shown reducing the 7-7 distance by means of lattice strain as
shown in Figure 1.6 a) and b) resulted in a 6-fold augmentation of the mobility in a
TIPS-pentacene layer [56]. So to engineer the ideal structure a precise knowledge of

the topography of the frontier orbitals is necessary.

1.3.2 Order

Not only structure but also order (or, talking about organic thin films, disorder) is a
key factor when discussing the electronic properties of OSC. However different kind
of disorder can influence charge transport in OSC. Coropceanu [30] divided it in Di-
agonal and Off-Diagonal disorder. Diagonal disorder refers to the fluctuations in site
energy which is usually caused by polarization effect from surrounding molecules,
and is exemplified in Figure 1.7a,b). It is possible to see the spreading of the energy
level, and the hopping path (exemplified by the overlap integral J), which becomes
either favourable (J’) either unfavourable (J”) by the disorder (remember that a single
dead end is sufficient to stop a conduction pathway). Off-Diagonal Disorder instead
refers to the different interaction between adjacent molecules, and is exemplified in
Figure 1.7c,d,e). It is easy to see how these two effects that will reduce hopping
probability are a function of the film order. A perfect example of which is shown in
ref. [147] who showed a drastic drop in carriers mobility when transitioning from
a single crystal phase to a mesophase in a liquid crystal thin film. Another inter-
esting result [71] is the reduction in Diagonal disorder after suppression of thermal

motion by careful tailoring of the molecule (substituting side chains along the long
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axis of the molecule), which is believed to be the most important limiting factor for
the efficiency of organic semiconductors [25].

1.3.3 Degradation

Probably the most troublesome aspect of the application of organic materials to elec-
tronic application is their low stability. There are different processes that can reduce
the efficiency of an organic electronic device; they are presented below:

Reactivity Organic devices are usually encapsulated to avoid contact with air or
other pollutant, but as no encapsulation can be perfect, so the effect of gas exposure
on the devices has to be taken into account. The presence of gases can lead to dif-
ferent degradation processes [124]. The most intuitive mechanism is the reaction of
the organic with the gas. It has been shown [143] that PCBM can react with oxygen
leading to different products, and the same occurs for Cgy [85]. Also Cgp is found
to polymerize in presence of oxygen at 80 °C, which is an operating temperature for
an OPV cell. Even if the reactivity of organic semiconductors towards air might be
low at operating temperature, the simple diffusion of gas molecules can lead to the
formation of shallow traps blocking the electric conduction. It is the case of water in
PCBM [143] which interestingly was less reactive than molecular oxygen.

Another crucial point is the interface layer, in particular when low work function
metals (as Alluminum) are used as a contact due to ease to oxidize [59]. This can

lead to delamination, with the appearance of dark spots on the device [140].

Temperature One of the biggest advantages of organic materials applied to elec-
tronic devices is, as shown earlier, the possibility to employ low temperature pro-
cesses. The high sensitivity of organic materials even to temperature around 100°C
becomes also a great problem, due to degradation processes activated by heating
under working conditions. Most of the problems are due to the elevated thermal ex-
pansion coefficients and the low melting point of most of the OSC. This might lead
to delamination, phase transition [54] and agglomeration in case of bulk heterojunc-
tion devices [38]. A nice review about heat generation and the damage it provokes in
OLEDs was proposed by Tyagi and coworkers [140] who pointed out that electrical
resistance at the interfaces is one of the main source of heat generation.

INlumination OSC are known to bleach when exposed to UV light. The most im-
portant process is photoactivation of oxidative processes [128] by the formation of
oxygen radical species [158]. Another possibility is the cleavage of specific molecu-
lar bonds when the molecule is in the excited state (or even more in charged states),
as was demonstrated by Lin and coworkers [87] for CzPO; (a molecule used in
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OLEDs). Moreover photobleaching is well known on many different classes of or-
ganic molecules as phthalocyanine [47]. Also it can lead to crystallization of one of
the two phases of a bulk heterojunction, as was shown for boron subphthalocyanine
chloride [145]. Another mechanism is represented by the formation of radicals.

1.3.4 Interfaces

Another key aspect is the interface between the organic semiconductor and the other
components of the devices [31, 3]. These are usually either metals (contacts), ei-
ther insulators (the gate in OFET), either other organic materials (blends are mostly
used in OPV for the light absorbing and the transport layer). Two kinds of phenom-
ena have to be taken into account when studying interface: electronic interaction
between substrate and overlayer and the morphology, i.e. the presence of surface
stabilized polymorph.

Organic/Metal Interface The most commonly used metal in microelectronics is
gold, due to its low reactivity, and in fact most of the organic semiconductors ad-
sorb on it without any major modification of the structure or of the electronic prop-
erties. Instead on copper the interaction is stronger, leading to chemisorption [90]
which implies a strong electronic coupling and can result in a deformation of the or-
ganic molecule [119]. It was shown [44] in the case of a weak interaction (molecules-
gold for example) that the electronic coupling can lead to a rigid shift of frontier
(HOMO, LUMO) orbitals and core level in both electron acceptor and donor. These
phenomena are ascribed to a local keep of the vacuum level, and allow to study the

interaction, which is crucial for charge injection at the electrodes, by mean of core
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level spectroscopies, which are easier to analyse than the valence band. On copper
instead it is the Fermi level that remains constant, reflecting a stronger molecule-
substrate interaction. Another interesting study was published by Zhao et al. [156]
who showed by a combined STM measurement and theoretical calculation that in
the case of weakly coupled metal/organic interfaces the key factor in the electronic
level alignment is the interplay between the metal image potential and the molec-
ular electron affinity. However it has been shown that this kind of interaction can
be prevented by deposition of a graphene layer between the metal and the organic
layer[1]. Also instead of metals conductive metal oxides can be used [86] as a contact

layer.

Organic/Oxide Interface The organic-insulator interface becomes particularly im-
portant in OFET or OPV applications, where the charge carriers behaviour at this
interface will dictate the functioning of the device [15]. Up to now the most pop-
ular choice for the gate in OFET is SiO [110], but its low dielectric constant leads
to different problems. Higher e transition metal oxides have been used [149] to try
to minimize the oxide film thickness. It was, however, shown that varying the ca-
pacitance of the film had different effects depending on the architecture [160], or
polymers [151]. It was shown that upon irradiation with light pulses longer than
the characteristic transit time of a charge in the channel a transient photocurrent is
formed at the organic-insulator interface. This current can be tuned by changing
the insulator, or the semiconducting layer thickness. This could help tackling prob-
lems like low mobility, and high exciton binding energy in OPV [65]. Another way
transition metal oxides can be used in organic devices is as contact materials. In
this case particular care has to be taken on the energy level alignment with these of
the OSC. In particular a crucial role is played by the oxide work function, and how it
aligns with the HOMO-LUMO of the molecular layer [60]. In particular a crucial role
is played by oxygen vacancies and their capacity to tune the position of the Fermi
level as shown for MoQOj often in OPV [22].

Organic/Organic Interface The semiconducting layer is often composed of a blend
of two different organic materials. It can be a mix between donor and acceptor or
an active layer in contact with a transport layer, both being OSC. In such "all or-
ganic" devices the organic/organic interface has to be inspected. From what was
said before it is clear that the mutual orientation of the molecules is crucial. It
can be controlled by balancing the molecule/substrate (mostly charge transfer) and
the molecule-molecule interaction (-7 interaction, hydrogen bond or even covalent
bonds) [159, 66]. Also more subtle effect can come into play: it was demonstrated
that a difference in polarizability between the molecules forming a bulk heterojunc-
tion (BHJ) can lead to a difference in the electrostatic landscape seen by the excitons,
and influence the splitting of the latter. Also it was shown that the diagonal dis-
order (i.e. the presence of different energy states at the interface between the two
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organic moieties) can increase the number of exciton dissociation paths, leading to
more efficient charge separation [21]. A comprehensive review on organic-organic,
in particular on BHJ was published by Lu et al. [89] while for the molecule-molecule
heterojunctions (OOHs) another review is advised by Goiri et al. [57].

1.4 Phthalocyanines

Among organic semiconductors one of the most studied is represented by the group
of phthalocyanines (PCs). This is due to the ease of preparation, interesting optical,
as well as electronic and thermal properties, and the possibility to functionalize them
in a variety of ways.

1.4.1 History

The name Phthalocyanine refers to a class of organic molecules similar of porphyrins
as shown in fig. 1.9 left and right. They were first discovered by Braun and Tcherniac
in 1907 at the South Metropolitan Gas Company in London while they were testing
a synthetic route to produce a cyanobenzamide.

The first metal phthalocyanine was synthesized 20 years later (in 1927) by Diesbach
and coworkers, who accidentally synthesized a compound to which the assigned the
formula Cy6H13sNgCu which was remarkably close to the one for copper phthalocya-
nine (C32H;sNgCu). Unfortunately they did not investigate further their discovery
due to a lack of time.

In 1928 Dunworth and Drescher, while trying to prepare phthalimide from phthalic
anhydride and ammonia, also synthesized iron phthalocyanine due to an impurity
in the reaction vessel. They after characterized the chemical and physical properties
of the compound, and in 1929 the first patent on the compound we now designate as
phthalocyanine was submitted. It was only in 1933 that Prof. Linstead and cowork-
ers published the first atomic structure of the iron and other phthalocyanines. From
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there on the industrial interest in these molecules grew rapidly due to the ease and
low cost of manufacturing, great thermal and chemical stability and interesting chro-
mogenic properties, leading to the synthesis of multiple different phthalocyanine
single, double, triple, substituted with a large diversity of different groups, with a

metal, rare earth, metal oxide as a central ion.

1.4.2 Structure and properties of phthalocyanine

Pcs are planar aromatic macrocycles consisting of four isoindole (see Figure 1.9)
units bound by 4 nitrogen atoms, called "azabridge". They present an 18 7-electron
aromatic cloud delocalized over the entire molecule. The molecule therefore belongs
to the Dy, point group. The central cavity of the macrocycle can contain two hydro-
gen atoms (metal-free Pc or simply HyPc, in which case the symmetry is reduced to
Dap,), or a metallic cation (metal phthalocyanine, MPc) in the oxidation state +2 (the
phthalocyanine anion being Pc?~ after the removal of the two hydrogen).
Phthalocyanine are resistant to high temperatures: most of them do not decompose
up to 900 °C and are therefore suitable for sublimation. Also they are chemically
stable: they are not attacked by concentrated nitric acid. This great stability is due
to the strong stabilization by the large delocalized system which is unfavourable to
break by removal of the metal cation or by oxidation/reduction by an acid/base.

In single crystals HoPc and MPc usually adopt the stable 5 phase (see Figure 1.10
(b)), a monoclinic phase with the molecules stacked in a herringbone-like structure
with a stacking angle (defined as the angle between the normal to the molecular
plane and the b axis) of 45° in the (001) plane, the symmetry group is the P2, /a. The
unit cell for the metal-free phthalocyanine was found to be: a=19.85 A; b=4.72 A and
c=14.8 A, 4=122.25° [118] and only slightly dependent on the dimension of the cen-
tral atom, which mostly influences the stacking distance along the b axis (out of the
molecule plane). The macroscopic crystals have a needle shape and can be up to 1em
long (see fig.1.10 c)). Another known metastable phase is the « phase(see Figure 1.10
(a)), which is usually obtained after deposition on a substrate kept at room tempera-
ture. It is again a monoclinic phase with the molecule stacked in a herringbone-like
structure, but this time along the (100) axis the stacking angle is 26° in the (100)
plane, and the space group is C 2/n. The lattice parameters are a=26.14 A; b=3.81 A
and ¢=23.97 A, 3=91.1° [4]. Irreversible transition o — 3 can be obtained by heating
up the sample to 310 °C for HaPcs [152], showing the metastability of the phase.

Optical Properties The first interest on phthalocyanine was sparkled due to their
bright blue/green colour. It is therefore important to describe their optical proper-
ties, as a mean to explain their molecular and electronic structure.

All phthalocyanines have similar optical properties, as shown in Figure 1.11, which
implies that they are mostly due to the organic macrocycle, and have little contribu-
tion from the central metal atom [35]. In the UV visible four main absorption bands
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are found: the Q Band around 1.8 eV (690 nm) and the B band (or Soret band, in anal-
ogy to porphyrins) around 3.9 eV (320 nm) are the two most intense. The relative
electronic transitions were explained by Orti and coworkers [107], as both coming

from different m-n* transitions.
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FIGURE 1.11: UV-Vis spectra of different phthalocyanine. Adapted
from ref. [58].

1.5 Reactivity

The field of reactivity of organic and metallorganic thin films is not so developed,
even though it could shred light on the causes that lead to the premature degrada-
tion of most of organic devices. Regarding phthalocyanine a few works have been
published. Lozzi and coworkers [88] studied the effect of NOy doping on CuPc,
showing by both theoretical and experimental methods the formation of a Cu-NO,
(or NO, as they could not exclude dissociation of NO; in NO+1/203) bond, with
the oxidation the Cu atom which led to a charge transfer from the pyrrolic nitrogen
atoms. Similarly it was shown by Flechtner and coworkers [48] that NO adsorbs on
top of the Co atom in Co tetraphenyl porphyrin (TPP, an organic macrocycle similar
to phthalocyanine). This also leads to a decreased electronic coupling between the
Co atom and the silver substrate due to the so-called trans effect, which is a compe-
tition between two ligands in trans position which occupy the d,2 orbitals. So when
NO (which is considered a ligand with a strong trans effect) is added the bond with
the Ag surface is weakened. Another interesting study on the reactivity of MPcs was
published by Sedona et al. [123] who investigated the different reactivity of different
phases of FePc deposited on Ag(110). They first shown by STM the presence of two
different phases, a low density square phase, and a high density hexagonal phase.
In a mixed theoretical and experimental work carried out at room temperature, they
showed that oxygen is able to penetrate below a loosely packed (square phase) Pc
monolayer and bind to both the underlying Ag surface atoms and the Fe atom in the
Pc in a FePc-(7-O2)-Ag chain, but the bond is metastable. The high density hexagonal
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FIGURE 1.12: Ball and stick model of a lutetium bis-phthalocyanine
a),b); schema of the electronic configuration of the frontier orbital of
LuP Co C).

phase instead was found to be unreactive. Zhang et al. [153] studied the reactivity of
MnPc towards activated Ny molecules (which means that N> was dosed in presence
of a heated filament, which can result in N, N*, N2+, N;r or No*). They found that
only neutral activated species (N*) are adsorbed on the central Mn atom, resulting
in a reduction of electron density on the Mn atom (shown by STM images). Last
Corva et Vesselli [32] studied the adsorption of CO on FePc deposited on Ir(111) at
high pressure (1 mbar), showing the formation of a Fe-C-O bond formation (typi-
cal of metal-carbonyl bond), and more interesting, that a ML of phthalocyanine was
sufficient to passivate the surface. This brief overview indicates that in single decker
phthalocyanine, the reactive site is the central metal ion. It was shown by Flyagina et
coworkers [50] by DFT calculations that the main factor to determine the reactivity
of organic macrocycles towards ORR is indeed the nature of the central metal atom,
while the nature of the surrounding macrocycle can just be used to tune the strength
of the reaction. An older study by Ottaviano et al. [108] focused on the reactivity
of naphthalocyanine towards oxygen. No metal atoms are present in this molecule,
so in this case the reaction takes place on the central ring, and in particular on the

azabridges nitrogen atoms.
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1.6 Structure and Properties

of Lutetium Bis-Phthalocyanines

Another group of Pcs is represented by the multi-decker Pcs, which are composed of
two or more superimposed macrocycles linked by a metal cation caged in the mid-
dle, see Figure 1.12. The first of which to be synthesized was that of Sn in 1936. Most
of the molecule belonging to this group are in fact rare earth (RE) phthalocyanine. In
particular the first synthesis was proposed by Chang and Marchon in 1981 [23], but
the first reliable method was found by Clarisse et Riou six years later [26], following

the reaction in the formula 1.2.

Lu(CHgCOQ)g + CGHG(CN)Q — LuPco + HyPc (1.2)

In these molecules the RE 3+ cation is sandwiched between the two macrocycles.
This is due to the big atomic radius of the cation (ranging from 111 pm for Lu(III)
to 130pm for La(III) while for example it is just 74 pm for Pt(II) [69]) it cannot be ac-
commodated inside the phthalocyanine ring (which has a cavity diameter of around
3.9 A [135]). It was shown by De Cian et coworkers [36] that the bonds between
the central cation and the 8 pyrrolic nitrogens are all equivalent, leading to an eight-
fold coordination for the RE cation, which is the most common for RE complex. The
interaction with the central metal atom leads to a distance between the two rings
of 2.7 A, which is smaller than the Van der Waals distance (3.4 A). This leads to a
strong repulsive interaction between the two macrocycle, in particular between the
benzene rings. To reduce the overlap between the two electronic clouds, and the
consequent electrostatic repulsion the two rings are in a staggered position, leaving
the central cation in a square antiprismatic coordination [20]. Bis-phthalocyanines
are also slightly domed due to the RE cation-pyrrolic N attraction and the electronic
repulsion between the rings, which leads to a bending of the pyrrole units. More-
over a slight bending of the pyrrole unit towards the inner cation leads to a better
overlap between the N sp? and the Lu 3d orbitals, leading to an increased strength
of the ¢ N-Lu bond [107]. This coupled push-pull interaction is strong enough to
force the ring out of planarity, and therefore reduce the stabilization by the aromatic
electron cloud. Another difference with the simple phthalocyanine is in the electric
charge of the ligands. The first double phthalocyanine was, as said, SnPcy, with a
Sn(IV) cation. However RE cations only have a RE(III) stable configuration. It was
shown by Orti and coworkers that the two rings split equally the charge, thus for-
mally being written as Pc!*>~. This would lead to a D44 symmetry group. However
it has been shown experimentally [36] that the two rings are staggered by an angle
#45°. This is due to the Ian-Teller effect, which forces a molecule to have a less sym-
metrical stable state to remove the degeneracy at the ground state and reduce the
total energy, which leads to a Dy;, symmetry.

What drove the interest on this kind of molecules are mostly their electronic proper-
ties. The 3+ cation leads to an imbalance in the filling of the electronic levels, leading
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to a Semi Occupied Molecular Obrital (SOMO) between the HOMO (Highest Occu-
pied Molecular Orbital) and the LUMO (Lowest Unoccupied Molecular Orbital), as
displayed in Figure 1.12c). This peculiar feature also allows the molecule to be easily
oxidized and reduced, as the energetic cost of adding an electron is weak (only e-e
repulsion in the SOMO, no new orbital occupancy), as well as the energetic gain of
removing one is great (the whole most energetic orbital is emptied). Also this ease in
adding or removing an electron makes the molecule a good organic semiconductor,
as every molecule can be the either a target either a departure for hopping following
this equation:

2LuPcy = LuPcy + LuPcy = freecarriers (1.3)

In fact LuPcy, on which this work is focused, were the first described organic intrin-
sic semiconductor [14], where the concentration of charge carriers depends on the
oxidation/reduction of the molecular unit, see Equation 1.3.

The optical spectrum of LuPc; is shown in Figure 1.13(a), showing 4 different ab-
sorption bands, at around 320 nm (3.9 eV), at 480 nm (2.8 eV), 680 nm (1.9 eV), and
at 920 nm (1.5 eV). To explain these transition it is important to know the energy
position of the molecular orbitals. The electronic properties of the molecule have
been studied by means of UPS [19], IPS [101] and different theoretical calculations,
Valence Effective Hamiltonian [107], DFT [101, 10], or extended Hiickel [120]. All
studies agree that the frontier orbitals have little to no contribution from the central
Lu cation (see in particular [101]). Instead the orbitals are localized on both the ph-
thalocyanine ring, as is shown in Figure 1.13(c). The only major contribution of the
central cation is due to its size. Orti and coworkers [107] showed that the interaction
between the two phthalocyanine rings is important, as it induces a lift of the degen-
eracy of the frontier orbitals of the two different macrocycles. Further the delocaliza-
tion of the electronic states is a consequence of this strong interaction. The distance
between the two rings was shown to depend on the size of the central cation [100].
It is clear from what stated here that the optical properties of the molecule mostly
depend on the delocalized 7 system, as is shown from the transition assignation in
figure 1.13. From there we can start assigning the optical transition to electronic
transition, as shown in Figure 1.13 b). The band at 3.9 eV is called the B band, which
is related to 7-m transitions. The band at 2.8 eV is called the Charge Transfer band,
which correlates electrons from an ¢ orbital (mostly localized on the N atoms) to an
7 orbital, localized only on the pyrrolic carbons. The band at 1.9 eV, called the Q
band, is an intermolecular charge transfer from the orbitals that are mostly centred
on the pyrrolic carbons to the lowest unoccupied orbitals, which are mostly localized
on the nitrogen atoms (both pyrrolic and azabridge). Last the large band centred at
1.5 eV is due to another 7-7 transition, but this time is between a ring-ring bonding
orbital and a ring-ring antibonding orbital.
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FIGURE 1.13: Optical absorption spectra of the molecule in
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Chapter 2

Experimental

2.1 Ultra High Vacuum

2.1.1 General considerations

The Ultra High Vacuum (UHV) is a condition where the pressure is below 10~® mbar.
This condition is necessary for the study of the surface as the time constant 7 for the
deposition of a monolayer (ML) of contaminants depends on the pressure, by the
V2rmkgT
T=ny——— (2.1)
p

where ng is the atomic density of the overlayer, kp is the Boltzmann constant, p is

relation:

the pressure and T the absolute temperature [109]. At a pressure of 10~ mbar =1
hour (with ng assumed to be 1-10 5*cm™2), so to keep the surface clean during a nor-
mal experiment time scale (from some hours to some days) the pressure has to be
reduced below 10710 mbar. It has to be noted that this calculation implies a stick-
ing coefficient (the probability that an impinging molecule is retained on the surface
[73]) of 1, which is quite high, and close only to the value of gases on very reactive
surfaces (CO or O3 on Ti at room temperature have a value of 0.9 and 0.95 respec-
tively [73]), while the range can vary of some orders of magnitude. Another reason
is that a lot of the most popular surface science techniques employ electron beams
(Scanning Electron Microscopy, Low Energy Electron Diffraction and Microscopy, X-
ray Photoelectron Spectroscopy, etc...) which would be scattered by gas molecules,
the mean free path A of a molecule being given by the equation [109]

RT

A= ——m—— 2.2
V2rwd2Nap (22)

where d is the molecular diameter (cross section), R the perfect gas constant and N 4
is Avogadro’s number. This means that for a pressure of 1- 1072 mbar the mean free
path is of the order of magnitude of a few km, which implies that the reactions take

place on the surface and not in the gas phase.
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2.1.2 Pumping Systems

Achieving such conditions is a technological challenge. The whole experiment takes
place in a sealed stainless steel chamber. Stainless steel (usually AISI 304) is chosen
due to its poor permeability to gases, and consequently to its low gas release when
exposed to vacuum. Ultrahigh vacuum is obtained by different pumping system:

e Primary pumping (from atmospheric pressure to 10~% mbar): is most of the
time made with rotary pumps, where an eccentric rotor rotates in the vane to
compress and expel the gas. These pumps employ vacuum oil as a sealant and
a lubricant, so it is necessary to be careful when switching them off, to avoid
oil reflux in the camber. Other kinds of primary pumps such as the screw, and
the diaphragm pumps can be used alternatively.

e Ion pumping (from 10~° mbar to 10~!! mbar): they are composed by two tita-
nium plates mounted close to the entrance of the pump that work as a cathode
and an anode. Two magnets are mounted perpendicular to the cathode-anode
axis. The high electric field between cathode and anode leads to field emis-
sion, and the electrons move towards the cathode in a spiral trajectory due to
the magnetic field. They then ionize gas molecules, which are accelerated onto
the cathode, and then buried in it. As this pump is not evacuated, it has to be
regenerated by thorough heating to desorb the gas molecules. Since the ad-
vent of turbomolecular pumps their use has been limited for pressures below
10~® mbar.

e Turbomolecular pump (from 10~3 mbar, now some models even from ambi-
ent pressure, to 1071% mbar): it is a momentum transfer pump, composed by
a serie of alternating rotors with multiple blades angled towards the exit and
stators invertedly mounted. Both are suspended in the housing via a perma-
nent magnet, to avoid friction in absence of lubricants. The rotors are turning
at around 1 kHz, and the effect is to push gas molecules from the entrance to
the exit. Therefore a molecular flow is needed for the optimal working of the
pump, as the momentum gained by the molecule hitting the rotors” blades is
not dispersed via collisions with other molecules. As it is a momentum transfer
pump, the compression rate (ratio between the exit and entrance pressure) is
strongly dependent from the considered gas: 10® for N and 10? for He or Ha.
Also a finite compression ratio means that the exhaust of the pump must be at
his turn pumped (usually with a primary pump, or even with a combination
of a smaller turbomolecular pump and a primary pump) to achieve UHV.

e Titanium sublimation pumps (TSP) are auxiliary pump used from time to time
to maintain UHV. Titanium is sublimated on a shield by passing a high current
(up to 40 A) through a Titanium rod. When it deposits on the shield, it is then
able to react with oxidizing gases such as Oz and H>O removing them from
the chamber.
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All these systems allow to achieve pressures around 10~® mbar, but to reach UHV
another step is needed. When the chamber is opened to the atmosphere (to modify
the experimental setup, or to repair broken parts) water from the atmosphere will
adsorb on the chamber’s wall. To prevent this from happening the chamber is usu-
ally filled with Nitrogen or Argon gas prior to the opening, which will saturate the
walls and reduce water adsorption. To completely remove water from the walls a
thorough heating (bake out) of the whole chamber has to be performed. During this
procedure the whole camber is heated up to around 150 °C while pumped with tur-
bomolecular pumps to desorb and evacuate gas molecules from the walls.
Following carefully all these steps allows to reach UHV in the 10~!! mbar range.

2.1.3 Monitoring vacuum

The pressure inside the camber is usually measured via ionization gauge, where the
gas molecules are ionized, and accelerated towards an anode via a potential (usually
~100V, the ion current on the cathode is therefore proportional to the gas pressure.
The ionization can take place via a hot filament (ion gauges), or via a glow discharge
(cold cathode). Of course another really important parameter that influence the cur-
rent reading is the gas composition, and in particular the ionization probability of
the molecules that compose it. Therefore Ion gauges are usually calibrated on a sin-
gle gas (usually N»).

Another fundamental tool is the Quadrupole Mass Spectrometer. It is composed of
a hot filament to ionize gas molecules and a quadrupole analyser to select ions via
the 9/, ratio, thus measuring the composition of the gas inside the chamber. It is
not only useful to measure the purity of gas dosed into the chamber, but can also be
used to detect leaks.

2.2 Experimental techniques

Here are briefly introduced the experimental techniques used during this work.

2.21 Synchrotron radiation

The use of synchrotron radiation greatly improved the quality and the amount of
information that can be obtained with a lot of different techniques, in particular sur-
face science related techniques, as X-ray Diffraction (XRD) and X-ray Photoemission
Spectroscopy (XPS), while allowing the introduction of completely new techniques
like X-ray Absorption Spectroscopy (XAS). The interest in synchrotron radiation is
due to its high brilliance (which is defined as the number of photons per second,
per angular divergence, per area of the beam, per 0.1% of the wavelength band-
width, and is a measure of how many photons can be concentrated in a defined
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FIGURE 2.1: Working principle of a bending magnet (left); Emission
spectrum of the bending magnet at the I1011 at Maxlab (right).

area), the tunable photon energy, high monocromaticity, high level of polarization,

pulsed emission.

Insertion devices Depending on architecture of the insertion devices three differ-

ent categories can be differentiated: undulators, wigglers and bending magnet [18].

¢ Bending magnet: They are placed along the ring where their principal task is

to bend the charged particles (invariably electrons or positrons, as the emitted
power depends on the inverse of the mass, see below) along the circular trajec-
tory of the synchrotron [95]. The emitted power P is proportional to the square
of the acceleration a, which in turn is proportional to wy, the cyclotron fre-
quency wz=eBy,/ymg, where B is the applied magnetic field, y=1/+/1 — v2/c?
and my is the rest mass of the particle. The emission spectrum of a bend-
ing magnet is influenced by the short emission time, i.e. the time an electron
passes in the range of the magnet itself. In fact the maximum frequency is the
reciprocal of the emission time, giving rise to the plot shown in Figure 2.1. in a

broad and continuous spectrum, but poorly focused and with low intensity.

Wiggler: it works as a series of bending magnets, so the obtained spectrum is
broader. A great improvement respect to the bending magnet is the possibility

to increase the magnetic field, which expands the obtainable energies.

Undulator: Electromagnetic radiation is emitted by charged particles which
are accelerated by a magnetic field. In particular the electron which circulates
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FIGURE 2.2: Schematic of an undulator (left); Intensity as a function
of the chosen harmonics (right).

in the ring encounter straight sections where magnets of alternating polariza-
tion are placed. The electron (which is moving respect to the magnets) there-
fore sees an electromagnetic wave of wavelength A=L/~ where L is the period
of the undulator. The radiation is emitted at every bending, and interfere with
that of the preceding generating a much more intense, collimated (the angular
spread varies with /N, where N is the number of periods) and monochromatic
(the energy dispersion varies with 1/N) beam than the bending magnet. The

gap of the undulator can be finely tuned to vary the photon energy following

L K?
1+ — +~26? | where n is the harmonic number,
2v2n 2

K=+ ~ By(T)\w (Bo is the magnetic field, and L is the undulator period) and

6 the emission angle. From this equation it is apparent that for a low applied

the equation: A =

magnetic field only the fundamental (n=1) harmonic is present, while for a
strong magnetic field a large number of harmonics appears, leading to an al-
most continuous spectrum (similar to the one of the bending magnet) appears
(see Figure 2.1).

A few factors have to be taken into account that can modify the wavelength:

o the relativistic Doppler effect, which depends from the angle #, adds a correc-
tion factor (1+v2 62)

e the movement of the electron in the undulator reduce the average x compo-
nent of the velocity, leading to a correction to v and ultimately to A of a factor
(1+bB?)
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FIGURE 2.4: Image of the optics on Cassiopée beamline.

Instrumentation Three different synchrotrons have hosted the experiments pre-
sented in this work: SOLEIL (France), Max-IV (Sweden), Elettra (Italy). They all
are 3rd generation synchrotrons, meaning that the ring is composed by alternating
bending and straight segment where the insertion devices are incorporated. This
allows to achieve a high brightness and high coherence.

Beamline SIXS at SOLEIL SIXSis a beamline dedicated to structural studies on
surfaces by means of Grazing Incidence X-ray Diffraction (GIXD), Grazing Incidence
Small-Angle X-ray Scattering (GISAXS), X-ray Reflectivity (XRR). The insertion de-
vice is an undulator U20 (20 mm gap). The beamline couples a UHV chamber (con-
sisting of 3 separate chambers: one dedicated to sample preparation, one equipped
with an STM and the diffraction chamber) to a diffractometer, see Figure 2.3. The
sample is mounted on an exapode which allows a fine positioning of the sample,
with precision of 0.0002°. The beam size on the sample is around 30x30 um?.

Beamline Cassiopée at SOLEIL Cassiopée is a photoemission spectroscopy
beamline (spin resolved and angle resolved) at SOLEIL synchrotron. The insertion
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FIGURE 2.5: Image of the geometry at beamline Aloisa.

device is composed by two different undulators: one for the low energy with a pe-
riod of 256 mm and one for the high energy with a period of 60 mm with an energy
range of 90-1000 eV (during our experiment only the one for the high energy was
used). The beam size on the sample depends on the photon energy, but is always in
the range of ten microns. The analyser is a Scienta R4000 multichannelplate.

Beamline Aloisa at ELETTRA Aloisa is a multipurpose beamline for photoe-
mission, photodiffraction, X-ray absorption and He Atom Scattering[49]. The newly
installed undulator, while allowing easier movimentation and better stability, dras-
tically reduced the energy range from 100-8000 eV to 130-1500 eV, hindering the pos-
sibility to do X-ray diffraction. The X-ray beam impinges on the sample at a grazing
angle, variable between 0 and 20°. Photoemission spectroscopy spectra is measured
with a 66 mm homemade electron analyser with a 2D delay line. NEXAFS is ac-
quired via a channeltron with a retarding grid to remove secondary electrons. Rota-
tion of the manipulator along the beam axis allows to measure NEXAFS in different

polarizations.

Beamline D1011 at Max-IV The D1011 is a photoemission and photoabsorp-
tion beamline at MaxIV Laboratory [105]. The insertion device is a bending magnet
covering the energy range from 30 to 1600 eV. The beam can be linearly or elliptically
polarized. The photoelectron analyser is an upgraded Scienta SES200 hemispherical
electron analyser. X-ray Absorption can be measured in partial electron yield (see
2.2.3) via multi-channel plates or total electron yield via multi-channel plate or by
directly measuring the sample current.



28 Chapter 2. Experimental

manipulator (top view)

N\
O\

front station (front view ‘

FIGURE 2.6: Photo of the cooling system at the D1011 beamline.

2.2.2 X-ray Photoemission Spectroscopy

X-ray Photoemission Spectroscopy (XPS) is a powerful analysis tool for surface sci-
ence, which allows to study the chemical properties of a sample.

It is based on the photoelectric effect, explained by Einstein in 1905 [43], which states
that when a material is shined with a sufficiently energetic light it will emit electrons,
following the energy conservation principle stated in the following equation:

Ex =hv - Ep — ¢sample (23)

where hv is the energy of the incident photon, E is the kinetic energy of the emitted
electron, ¢sqmpie is the work function of the sample, and Ep is the binding energy of
the electron inside the atom. The binding energy is a measure of the energy needed
to eject an electron, i.e. how "bound" an electron is to a nucleus, and is specific of a
single orbital in a single atom, therefore XPS is sensitive to the chemical composition
of the sample (see Figure 2.7). It has to be noted that a photoelectron to escape from
the sample has to overcome a barrier equal to BE + ¢4qmple, but to be analysed it
needs to be injected in the channeltron of the analyser, which in turn has a work
function ¢gnalyser, therefore a contact potential equal to ¢sampie — Panalyser is present
when the sample and the analyser are put in electrical contact. This means that all
the measured kinetic energies are shifted of a value ¢sampic — Panaiyser- This can be
tackled by calibrating all the binding energies to the Fermi level, which is, of course,
independent of the work function, and is the same for sample and analyser.

Equation (2.3) is called Koopmans’ equation [76], and the so calculated Ep is the
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ergy scale is set to 0 at the Fermi level.

Koopmans’ binding energy. The underlying assumption is the so-called "sudden ap-
proximation" which states that the emitted photoelectron does not interact with the
system while escaping from the solid (which works better at high photon energies)
and that all the relaxation phenomena are instantaneous. Under this approximation
the photoelectron intensity is proportional to the transition probability (W) (which
is proportional to the signal intensity I) can be calculated from the Fermi golden rule
[68]

Toc W = 2T (W | ANy — By — o) 4

where U, and ¥; are the initial and final state eigenfunction, and the second term
is a Dirac function for the energy conservation with E the final state energy, F;
the initial state energy and hw the energy of the photon. The system is ultimately
described by the product of the wavefunction of the leaving electron and the wave-
function describing the remaining electrons:

U; = ¢ruf (N - 1) (2.5a)
U= ¢Prwh p(N 1) (2.5b)

If we substitute them in Equation,(2.4) we obtain Eq.(2.6)

(@7 x| ) (Uf R (N = DT R(N - 1) (2.6)
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If we consider that the wavefunction describing the remaining electrons remains
unaltered before and after the photoemission process (i.e. ¥%, R(N —1) = ¥ R(N —
1), the so-called Frozen Approximation, than the overlap integral becomes unity, and
the remaining matrix element is exactly the energy calculated with the Koopmans’
formula in Equation (2.6). Of course these approximations are too extreme as they do
not take into account the relaxation of the system (final state effect) after the creation
of a highly energetic core hole. In this case we also have to evaluate the same integral
over all the -s possible final states

> (Wh R(N - 1)|¥F, R(N — 1)) 2.7)
s

and every -s state which gives a non-zero result in the overlap integral will give rise
to an additional line.
Between the final state effect of particular importance are the plasmonic resonances,
which give rise to the asymmetric peaks in metal spectra [40], shake-up and shake-
off (see below), charge transfer satellites and others.
Another major effect is the one which causes the so-called chemical shifts. This is an
initial state effect, as it is due to the situation of the atom before the photoemission
process takes place. In particular considering a heteronuclear bond (for example a
metal oxide molecule M-O) the two involved atoms will have a difference in elec-
tronegativity, which will lead to a charge disparity between the two (M?*"-O*" for
example). In particular the metal (oxygen) atom will be surrounded by a smaller
(bigger) electron density than in the neutral form. This leads to an overall more pos-
itive (negative) potential acting on the remaining electrons which in turn leads to
a change in potential leads to an increased (decreased) ionization energy, hence an
increased (decreased) binding energy. This difference in binding energy is the so-
called Chemical Shift, which allows to discriminate the oxidation state of the species

that compose the sample. This can be rationalized in the following equation:
Ep=K -Q+ L+ Eg (2.8)

with Ep the binding energy, K and L are two constants and Q is the charge on the
atom, Ep is the relaxation which is the energy regained from the reorganization of
the N-1 electrons remaining in the system.
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FIGURE 2.8: XPS cross section taken from ref. [150].

The intensity of a photoemission peak (measured as a number of detected photo-

electron as a function of the kinetic energy V) is calculated as follows:

IN. — X-ray flux y Number of atoms " Differential cross-
T at X,y,Z indx dy dz section for k subshell
Probability for no-loss
) i Instrumental
Acceptance solid angle of escape from specimen | detects
etection
electron analzer at x,y,z with negligible ..
o efficiency
direction change
(2.9)

o the [X-ray flux at x,y,z] is the brilliance of the flux divided by the attenuation
of the X-ray in the solid. It has to be pointed out that, as the penetration depth
of the X-ray in a material is big compared to other terms (in particular the
escape depth of the electrons), from a few um to a few mm, this term is often

} where )\, is the attenuation

z
neglected. It can be calculated as: Ipexp [— Apsined

length and ¢ is the entrance angle.

e the [Number of atoms in dx dy dz] can be calculated as p(z)(dzdydz) where p
is the material density at the depth z.

o the [acceptance of the electron analyser] can be thought as the probability that
an electron from the -k orbital is emitted from the sample with a specific angle
(0) and collected from an analyser with an angular acceptance (£2). If we then
imagine the total cross section (o, the ratio between the impinging photons

and the emitted photoelectrons, see Figure 2.8) to be related to the differen-
d E 1 3 1

tial cross section (dg = Unl4(7r ) [1 — iﬁnl(Ek) (20052@ - 2)} ), where 3,

is the asymmetry parameter that characterizes the angular distribution of the
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FIGURE 2.9: "Universal curve" for the inelastic mean free path, taken
from Ref. [68].

emitted photoelectrons, and depends from the orbital studied (is 2 for an s or-
bital, and varies for p, d, f...) and « is the angle between the impinging X-ray
and the emitted photoelectron.

o the [probability for the electron to escape without scattering events] depends
on the electronic kinetic energy and also on the inelastic mean free path A,
which takes into accounts the inelastic scattering of the photoelectrons by the
electrons of the material. The angle dependence shows the surface sensitivity
of the sample. Here in Figure 2.9 a display of the value of \. for electrons in

different solids [137] is presented. It can be calculated as exp { A ;fn 6] .
e

In the end Eq.2.9 can be rewritten as follows:

do —z
dNy, = Ipexp [— ] p=(dzdydz) <£Q(Ek797377y)> exp ng] Do(Ex)

(2.10)

z
Az SiNg

Shake-up phenomena Among the different processes that can reduce the energy
of the outgoing photoelectron there are the shake-up and shake-off phenomena.
They both refer to an energy transfer from the photoelectron to another valence elec-
tron, which, depending from the amount of energy transferred, can be promoted in
an antibonding orbital (shake-up) or be ejected (shake-off). As they are related to a
loss of energy, they always appear in the lower kinetic energy side of the spectrum,
or in the higher BE side.

I o (YRR (N — 1)) (2.11)

It is shown in Equation (2.11) that the shake up processes are driven by the overlap
between the wavefunction relative to the frozen core hole and the one relative to a re-
laxation process involving a transition to the —j orbital. This kind of phenomenon is
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FIGURE 2.10: Left: schematic of the different de-excitation processes.

(a) the unperturbed system, (b) the photoemission step, (c) the Koop-

mans’ binding energy, (d) the shake-up process, (e) the shake-off pro-

cess. Image adapted from ref.[8] Right: C 1s spectrum of CuPc de-
posited on Au/Mica. Inset: CuPc molecule.

well known in atoms and in metals [114], and can be addressed in a straightforward
way. Also in simple molecules relatively easy calculations can lead to a consistent
assignment of the shake-up peak, see for example the work from Rennie [116] and
coworkers on the shake-up peaks of benzene. They were able to assign the different
satellite in C 1s spectrum of benzene from the molecular orbitals. On more complex
molecules calculations becomes important due to the greater number of inequiva-
lent atoms and therefore of transitions. Scholl et al. [121] discussed the assignment
of the shake-up peaks in different 7-conjugated molecules functionalized with an
electron acceptor group with the help of Singles and Doubles Configuration Interac-
tion (SDCI) calculations. They were able to unequivocally assign the different peaks
to different transitions, and were also able to show different factors influencing the
intensity of the transition, namely the extent of the aromaticity which increase the
intensity of the transition and lowers the peak - shake-up distance, the molecule
polarity, which also increase shake-up intensity. Later Gao et al. [55] showed on
different allotropic forms of carbon (Cgp, C7¢p and carbon nanotubes) the different
transitions that give rise to the shake up features, and also the electronic charge re-
distribution after the core hole excitation. Experimentally shake-up peaks are seen
as additional peaks on the high Binding Energy side of the principal peak. Their
separation from the principal peak depends on the energy of the excited transition.
Their intensity depends on the oscillator’s strength. In particular in Figure 2.10 the
spectrum of C 1s in CuPc is shown. It presents three peaks, where the first one is due
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to the benzenic carbon, the second one is due to the sum of a principal peak due to
the carbon atoms bound to nitrogen atoms, and a shake-up peak due to the benzenic
carbon, the third peak is due to a shake-up from the C-N peak.

Experimental details

Background removal Before the lineshape and the different components of an
XPS peak are analysed the background of inelastically scattered electrons have to
be removed. Different shapes of background have been proposed [142]: the Shirley
background, which in its iterative way uses the areas of the computed peaks to cal-
culate the intensity of the inelastic electrons, or the Tougaard background, which is
based on the assumption of the existence of an energy loss cross section which rep-
resents the probability of an electron undergoing inelastic scattering processes as a
function of its kinetic energy. In this work Shirley background has been used.

Lineshape and Peak Fitting The shape of an experimental peak is considered
to be a Voigt curve. The Voigt curve is defined as the convolution of a Gaussian
curve and a lorentzian curve. The Lorentz component arises finite lifetime of the
core hole, which in turns induces a spectral broadening. The Gaussian component is
due to thermal broadening, and vibrational spectra. Also very important are all the
experimental causes, as finite analyser resolution, band width of the impinging X-
ray radiation (which is a lorentzian for anode discharge X-ray source but becomes a
Gaussian in case of synchrotron radiation) and slits resolution. Unfortunately an an-
alytic Voigt curve is not possible to calculate [45] and a linear combination of Lorentz
and Gauss curve was used. The coefficients of the linear combination were adapted
as a function of the FWHM (Full Width at Half-Maximum) to account for the con-
stant width of the lorentzian contribution (i.e. a wider peak will have a larger Gaus-
sian component but the same lorentzian component than a narrower one coming
from the same element). The fitting have been carried out using the free software
XPS peak. In certain cases asymmetric lineshape had to be used (for example to sim-
ulate the Doniach-Sunijch lineshape of metallic sample or other final state effects,
or components that are too close to be resolved. This is dealt by the software XPS-
Peak by setting a second Gaussian with centroid at higher BE respect to the principal
one. Two parameters have to be set: the distance between the two centroids and the
intensity ratio between the two Gaussian.

Thickness Determination It was evident from Equation 2.10 that the intensity
of an XPS peak depends from the depth of the emitting atom, by the inelastic mean
free path \. In fact the addition of an overlayer of thickness t on top of the mea-
sured element causes an attenuation of a factor exp — [t/\]. These results have been

extensively used to measure the thickness of the deposited overlayer by measuring
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the attenuation of the peaks from the substrate. In case no peaks coming from the
substrate could be seen the thickness is thought to be greater than 3, as from basic
statistics it is evident that 99% of the XPS intensity comes from a thickness of 3\. A
for different materials have been found or on or calculated with the free software
QUASES - IMFP calculation by TPP2M formula [137].

2.2.3 X-ray Absorption Spectroscopy

X-ray absorption is a powerful tool to study the unoccupied states of an element in
a molecule [132]. It gives precise informations on the surroundings of the sampled
element, and in particular its bonds in the molecule, and, to some extent, outside
the molecule. In particular during this thesis we worked with Near Edge X-ray Ab-
sorption Spectroscopy Fine Structure (NEXAFS) spectroscopy, also called XANES
(X-ray Absorption Near Edge Structure) Spectroscopy, which considers only the re-
gion around the ionization threshold (the ionization threshold is defined as the min-
imum energy necessary to excite an electron into the continuum, and is apparent as
a strong step-like transition in the spectrum).

The absorption process can be described starting from the transition probability,
which can be defined from the Fermi’s Golden Rule:

Py = 2T 7VIi)Pos(B) 212)

where p(F) is the density of states of the final state (which becomes 6(E; — E; + hw)
when transition to a specific final state are taken into consideration instead that tran-
sitions to the continuum, i.e. photemission), V = iA - p with A is the exciting
electric field (written in the Coulomb gauge), and p = ), p; is the linear component
of the momentum of all the electrons.
In the case of the electrical dipole approximation, the cross section can then be de-
fined as: 232 02 1

o= an;M§|<fe'm'>\2«s<Ef—Ei—hw> (2.13)
where e is the unit vector of A and r is the position vector of the electron in the final
state. It is possible to evaluate the matrix element in equation 2.13. If we assume to
be considering a K-shell excitation (i.e. the initial state is a 1s state), the |i) is spheri-
cally symmetric and the final state | f) needs to possess at least one node, i.e. it must
be a p orbital, or an hybridized orbital with some p component as the Hamiltonian
is represented as a dipolar transition and the same selection rules apply as in op-
tical spectroscopy, i.e. Al= +1. Also the vector matrix element points in the same
direction of the p-component in the final state orbital on the excited atom. It is there
stated explicitly the dependence of the intensity of the signal from the mutual ori-
entation of the light polarization (the versor e) and the orbital spatial conformation.
This is particularly useful as, if linearly polarized light is used, it is possible to vary
the angle between the incident beam and the sample to maximize the cross-section
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FIGURE 2.11: Effect of the polarization of the impinging electric field

E on the spectrum of well-ordered samples, the so-called Search Light

Effect. Note that the o bonds are in fact formed by two hybridized sp?

orbitals, and therefore possess a certain amount of s character that
allows them to be sampled.

of resonances towards a specific orbital (7* or o*) as shown in Figure 2.11. From or-
ganic chemistry and the LCAO theory it is known that o bonds are directed between
the atoms forming them, while 7 bonds are perpendicular to the bond direction, and
keeping that in mind it is possible to sample the molecular orientation with respect
to the beam. Also it has to be remembered that, as the dipole transforms as a vector
or ungerade, and the initial state is totally symmetric (s state, gerade) the final state
also has to transform as a vector (i.e. have x; y; z in its representation) for the integral
to be #0. It is important to note that the presence of the core hole can shift the final
state orbitals, as well as modify the density of empty states.

Another interesting feature of the NEXAFS spectra is the possibility to correlate the
position of the o* resonances with the bond length [132]. At first it was predicted
by means of theoretical calculations with the molecular orbital theory. It has then
been demonstrated for different kinds of molecules (aromatic, aliphatic, adsorbed,
chemisorbed and in gas phase, see ref. [132] and references therein) that an increase
of the bond length leads to a shift of the o* reference closer to the ionization poten-
tial.

Experimental details

Spectra acquisition To measure an absorption spectra different methods are
applicable: electron yield and fluorescence yield. Also there is the possibility to mea-
sure the absorption directly, i.e. measure the intensity of the beam passing through
the sample, but this technique requires very thin samples (again, X-ray penetration
in matter varies from some um to a few mm), and is not really surface sensitive. In

this work we mostly used the electron yield, which is based on the photoemission
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FIGURE 2.12: Cross section for the Auger and X-ray Fluorescence pro-
cess for increasing values of the atomic number. Taken from ref. [73].

principle, which is the dominant process in the interaction between X-ray and mat-
ter at energy range below 2000 eV. Both measuring principles are based on a decay
principle: when a photoelectron is emitted the highly energetic core hole is filled
by a valence band electron either radiatively (X-ray fluorescence) or non radiatively
(Auger). Figure 2.12 shows the variation of the cross section of the two processes
for increasing Z, which shows why for atoms smaller than Ge the Auger process is
favoured (i.e. will yield a better signal /noise ratio). Also the measure of photoelec-
tron guarantees that high adsorbate sensitivity is achieved due to the low escape
depth of low kinetic energy photoelectron (see. Figure 2.9). This can be further en-
hanced by applying a retarding voltage before the channeltron.

Spectra Calibration NEXAFS is strictly a synchrotron technique, as it requires
variable photon energy. The problem is that photon energy might be different from
the chosen one for many reasons: the monochromator is mechanically moved, and
perfect reproducibility of this kind o movement is rarely achieved, phenomena of
backlash or drift in the mechanical movement are frequently seen. Also beam mis-
alignment might influence the X of the outcoming photon. Therefore different pro-
cedures are put in place. The most common is to record an XPS spectrum of a peak
(with a given photoelectron kinetic energy Ej), and then look again for the same
peak at £} = Ej, + hvge. This exploits the fact that the second diffraction order is
also passing through the slits of the monochromator, and therefore a peek at higher
KE is found. Then it is simple to find the positions of the two peaks and the photon
energy is given by hvyeq = E; — Ei. Another way to calibrate the energy of the
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spectra is based on the contamination on the beam optics. Every monochromator is
covered by a thin layer of impurities, mostly C, N and O, which will yield a charac-
teristic NEXAFS spectrum. This spectrum can be calibrated in energy very precisely
by measuring them at the same time (in Partial Electron Yield, PEY, by electrically
connecting the monochromator with a microamperometer) with a well-defined sam-
ple, for example gaseous CO for C and O and N for N. Then it is possible to measure
simultaneously the spectrum of the sample and the spectrum on the monochroma-
tor and calibrate the latter on the preceding reference to obtain the energy calibration
on the needed spectrum. See Figure 2.13b). After calibration the spectrum has to be
divided by an internal sample to remove the feature due to contamination on the
beam optics, which give rise to an irradiation on the sample that varies with E,
(see above). This can be done in different ways: if the absorption spectrum is taken
on the toroidal mirror this is indeed a first step. Otherwise it has to be divided by
the reference take on the clean substrate. This also ensures that absorption feature
from the substrate does not alter the spectrum. Another possibility is to have a ref-
erence grid (usually gold plated) in front of the sample, and measure its absorption

spectrum at the same time.

2.2.4 Surface Differential Reflectance Spectroscopy

Surface Differential Reflectance Spectroscopy (SDRS) is an optical spectroscopy tech-
nique which consists in measuring the variations of reflectivity of a sample, to obtain
information on the variation of the dielectric constant at the surface for example after

the deposition of an overlayer [51]. The measured signal is

AR _Fo-R

2.14
i o (2.14)

where R is the reflectance at a time t of the reaction, and Ry at t=0. This signal can be
measured almost continuously (the typical duration of a single spectrum is a couple
of seconds) to follow in real time a process, as the only requirements to use this
technique are two optical viewport in the right geometry (see Figure 2.14) because
light is usually not interfering with most of the surface science process. To relate the
signal to the optical properties of the film and the substrate, in the case of ultrathin
films (film thickness d is < \) the following equation can be employed [28]:

AR 8md
=T %[A X €fitm + B X (€pitm — 1)] (2.15a)
1 _
A= 6substrat/c; (215]9)

(1 - GSubStTate)z + (Gsubstrate)2
"

€
B— substrate - (215C)
(1 - 6subsfmute)2 + (6substrate)2
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where ¢’ and €¢” are the real and imaginary component of the dielectric constant (i.e.
¢ - ie”)=n?). From Equation 2.15 it is clear the dependence of the measured signal
from the dielectric constant of the overlayer, this allows to know exactly which kind
of adsorbates are present on the surface. In particular during this work we con-
stantly verified the absence of HoPc in our samples, as the two have quite a different
optical signature (see Figure 2.14). Also from Equation 2.15a it is possible to see the
dependence on the thickness film d, which allowed us to simulate the optical sig-
nal for a range of thickness, and by comparison to obtain a reliable measure of the
thickness of the film in real time. The geometry of the system is shown in Figure
2.14. Light is emitted by a halogen and a deuterium lamp, allowing a measuring
range from 1.4 eV to 5.5 eV. It is then guided by an optical fibre to a lens to obtain a
parallel beam which hits the sample at an angle 6. The beam is reflected to an angle
6 (defined respect to the normal to the surface), and is reflected with the same angle.
It then passes through a mirror that focalizes it on the detector, a S2000-TR (Ocean
Optics). It is now possible to understand one of the drawbacks relative to this tech-
nique: it requires two viewport (possibly optical viewport, made out of quartz, with
good transmission coefficients in the UV range) at the right angles, namely at the
same angle respect to the normal to the sample surface. Otherwise the same tech-
nique can be done in normal conditions (i.e. light comes in and gets out from the
same viewport, placed normal to the sample surface) with the aid of an optical fibre.
Also, of course, a third flange has to be pointing to the sample in the same conditions
to allow to evaporate the molecules on the sample.

Other possible drawbacks of this measurement are that the optical signature (i.e. the
two parts of the dielectric constant) of the molecule has to be already known, usu-
ally measured by ellipsometry, the measurement being differential makes it really
sensitive to changes in the illumination in the room (lights switched on and off, or
even daylight from the windows changing angles). The experimentator has to be
particularly careful while installing the setup, to have a perfectly stable installation,
without vibrations on both the lenses and the optical fibres otherwise noise or drift
problems can arise. The sample has to be as thermally stable as possible (possibly
with thermal oscillation being kept below 0.1 °C) to ensure that no thermoreflectance
effects perturb the measurement.

2.2.5 Scanning Tunnelling Microscopy

Scanning tunnelling microscopy (STM) was invented at the IBM laboratories of Zurich
by Gerd Binning and Heinrich Rohrer in 1981, who were awarded with the Nobel
prize in 1986 for this invention and its development. Since then STM has become a
valuable technique to characterize the morphological as well as electronic properties
of a surface. The probing system is constituted by a sharp tip (ideally monoatomic)
which is brought at a few angstrom from the sample, a bias V is applied between
the tip and the sample, and, due to the tunnel effect, a current will pass through
the vacuum between the tip and the sample. As the tip is moved back and forth on
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FIGURE 2.15: Changes in tip-sample system energy and tunnelling
conditions as the bias polarity is inverted.

the sample’s surface by a piezoelectric system, a map of the sample morphology is
obtained. As mentioned the technique is based on the quantum tunnelling effect,
discovered by Friedrich Hermann Hund in 1926. It describes the possibility that a
quantum object of kinetic energy Ej, is able to overcome a potential barrier of height
Vo (Vo >Ey) if the barrier is thin enough. This is quite remarkable if confronted with
its classical equivalence, which gives a transmission coefficient which is identically
0. This is due to the requisite of continuity for both the wave function and it is first
derivative in every point of the space, which implies an exponential decrease of the
wavefunction inside the barrier, so if the barrier is thin enough the wave function
will not be 0 after the barrier. The tunnelling current can be written as

1= 2SI (B) — FB My POE +V ~ E) @10
v

where M), |* is the tunnel matrix element between the two electronic wavefunc-
tion 9y, and 1y, representing an electronic state in the sample and one in the tip
respectively, f represent the Fermi distribution for an energy E;, which can be ap-

proximated with the step function (i.e. the Fermi distribution at T=0K). Within the
hypothesis above the equation can be evaluated as follows:

1= 228 S My 5B, — Ep)3(E, — By) 2.17)
%

with | M., |? = 2; [dS(¥, V¥, — W, V¥7) As seen above the measured current is
due to a combination of different factors: in the hypothesis of a positive bias applied
to the tip there must be an empty electronic state on the tip, and an occupied state on
the sample (for a reverse bias the occupation of the states must be reversed as well),
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as shown in Figure 2.15. The presence of the applied bias V in the equation takes
into account the fact that the electronic levels will be shifted after the application
of the bias. This means that the tip is not sampling the actual morphology of the
sample, but instead the Local Density of States (L-DOS) is being sampled. Therefore
to resolve morphological from electronic effects and calculate the morphology of the
surface DFT simulation (in principle of both the tip and the sample) are required.

Experimental details

Vibration Isolation The main problem of STM is due to the need for a very
stable system. The z displacement of the tip must be controlled in the range of pm,
needing a perfect insulation (z noise must be below 0.01 angstrom, x and y below
0.1) from external vibrations.

Vibrations can come from a lot o different sources. Building vibrations are usually
found at low frequency (between 5 and 100 Hz), and are their intensity increase the
higher the floor, and the further from the supporting pillars. Then there is the line
frequency (50 or 60 Hz), vibration induced by irregular events (door closing, people
walking) and conveyed by the floor, and, of course, the vibration produced by mov-
ing parts (rotors in rotative and turbomolecular pumps).

To isolate from the low frequency vibrations an effective way is to suspend the whole
system on compressed air legs. To isolate from medium frequencies it is possible ei-
ther to mount the system on a set of materials with different elastic moduli, or to
suspend the scanner on springs with eddy current damping. In particular the lat-
ter was implemented in the VT-omicron scanner that we used for the measurement
presented in this work. The working principle is the following: the microscope is
mounted on a copper support with palettes at the extremity; this support is sus-
pended via springs in a magnetic field generated by a permanent magnet; when the
support starts vibrating it behaves as a conductor moving in a magnetic field (i.e.
experiencing a variable B(t)), which generates parasitic currents in the conductor,
which act to reduce dB/dt, i.e. reducing the vibration amplitude. The high frequen-
cies are usually cut off with electronic filters.

Tip Preparation It is crucial to achieve a good resolution in an STM experiment
to have a sharp and stable tip. Tips are usually made of a Pt-Ir alloy (mostly used
for Scanning Tunnelling Spectroscopy), or W. They can be either cut from a wire
or electrochemically etched in a basic solution (usually KOH or NaOH at different
concentration). Our tips were made by polycrystalline W wire usually 0.2mm thick.
The electrochemical etching was by dipping the tip in a NaOH solution ~ 2 M with
a bias of around 10 V. When the lower part of the tip detaches the remaining part
is suddenly removed from the solution and rinsed with ultrapure water. This step
is crucial as the electrochemical etching will continue for several minutes after the

voltage is removed, and this will result in a dull tip. After this procedure the tip is
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FIGURE 2.16: STM correction procedure: a)superposition of the mea-
sured lattice on the image; b)distortion of the original image to match
the measured lattice.

inserted in the vacuum chamber, and heated by direct current to ~ 200 °C overnight
to outgass. It is then flashed 3 times at high temperature (until it starts emitting
visible light) for 30 seconds (pressure below 10~ mbar) to remove the native oxide
layer. It is very important not to heat the tip to higher temperature or too long to

avoid blunting effects.

Drift Correction To interpret correctly the STM images it is necessary to correct
for distortion effects. These effects might be due to many different reasons: drift is
often seen at the beginning of a scan or after a long movement (starting an image
from the beginning), or due to temperature variations; piezoelectric motors can be
miscalibrated, the system itself can possess a certain inertia that lead to a hysteresis
cycle. To avoid all these artifacts the following procedure was put in place on the
software Gwyddion [103] in all the images the measured lattice was confronted with

the one measured with grazing incidence X-ray diffraction, see Figure 2.16.

2.2.6 X-ray Diffraction

Diffraction is a phenomenon observed when a wave impinges on a periodic struc-
ture which has a repeating structure of roughly the same size of the impinging wave-
length \. Interatomic distances are in the range of the angstrom, which corresponds
in the electromagnetic spectrum to photons having energies between 1 and 10 keV
(soft X-rays).

When a highly energetic photon hits a solid different phenomena can occur: X-ray
absorption has already been dealt with in sections 2.2.2 and 2.2.3, the alternative is
represented by scattering, which might happen in the form of inelastic scattering
(Compton), or elastic (Thomson). The latter is the one relevant for diffraction. In
this case the electrons oscillate as Hertz dipoles (nuclei also oscillates, but due to
the higher mass the contribution is negligible), becoming itself a source of X-rays.
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FIGURE 2.17: Geometry of the scattering vector construction.

The wavelength of the incident radiation is conserved as we are dealing with only
elastic scattering. A phase shift of 180° occurs with the scattering, but as this shift
takes places for every scattering centre it has no effects on the definitive interference
pattern. According to the Thomson model the electric field at a distance R from the
scattering centre (thought to be an atom) is described by the equation

E(R) = EOLZ—ésm(Efoﬁ)em(—iKR) (2.18)

4dmeg R mc?

where ¢ is the vacuum dielectric constant and c is the speed o light, E il the electric
field vector and Z is the atomic number (as all the electrons in the atom act each as
a scattering centre). If we consider to shine a perfect infinite crystal, for simplicity a
simple cubic of lattice vector r,,, »,n, the intensity calculated at a point R will be (for

R>>1,,nyny, also called Fraunhofer condition)

Zre , .
I= EoﬁCemp(—zKR) Z exp (—i(K — Ko)rnynans) (2.19)

ninans

from Equation (2.19) it is apparent that the intensity is critically dependent from the
spatial orientation of the Ky and K with respect to the crystal lattice vectors. To
explicit that the difference Ky - K is also explicited as:

Q=K - K, (2.20)

From both the graphics in 2.17 and equation (2.20) it is evident that Q depends both
from the wavelength of the probing light and the geometry of the experiment (via 6).
This implies that the magnitude and direction of the scattering vector are completely
under the control of the experimentalist. Evaluating separately the three terms in eq.

(2.19) leads to
Ni1—1 N2—1 N3—1

Z Z Z exp (—iQ [niacinsacanzacs)) (2.21)

n1=0 ny=0 n3=0
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then to evaluate the intensity the result has to be multiplied by its complex conjugate,
which results in the interference function

sin?(N1aQcy /2) sin?(N2aQcz/2) sin?(N3aQcs/2)
sin?(aQc1/2)  sin?(aQcz2/2)  sin?(aQcsz/2)

I(Q) = (2.22)

as the number of scattering centres is really big the three factors in eq. (2.22) have
nonzero values only if the denominators are close to zero, i.e.

aQcq = 27h
Q) = mar aQco = 27k (2.23)
aQcsg = 2l

Here h, k, I can range from —oo to +o0o and have the same meaning of the diffraction
orders. The three equations (2.23) are the three Laue equations in the specific case
of a cubic lattice. This set of equation allow to reconstruct the relation between the
scattering vector Q and the lattice vector ry,n,ns in condition of constructive inter-
ference. Equations (2.23) represent in fact a system of three equations, that have to
be all fulfilled to appreciable intensity. This leads to the vectorial equation

Q VTR

I(R)+mar & — = ———— (2.24)
2 a

which, remembering that |Q| = 4wsin(f)/X (see Figure 2.17) and assuming we are

dealing with a cubic lattice can be rewritten as

I(R) + mazx & 2*31’71(9) = (2.25)
Vh? +k? + 12
where ————is the geometrical distance between the planes perpendicular

h? + k2 + 2
to the scattering vector djkl, which substituted in Equation (2.25) gives the well-

known Bragg equation
2dpgsin(0p) = A (2.26)

Different Experimental Setup There are multiple possible experiments that in-

volve X-ray diffraction, in many different geometries:

6 /20 Scan Is the most used method, usually to measure Bragg reflection from
a sample. In this case the sample is shined with X-rays with a well-determined inci-
dent angle (), and a detector is placed at the reflection angle ¢ (see Figure 2.18 for
clarification on the term). Then the sample is rotated to modify the angle with the
impinging beam, while the detector is also rotated (at twice the angular speed) to
remain in the reflection condition. In this way the scattering vector Q remains per-
pendicular to the sample surface, and the only thing that vary is its absolute value.
This way the interplanar distance of the planes parallels to the surface of the sample
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FIGURE 2.18: Schematic representation of a /26 experimental setup.

is measured. It is particularly useful with polycrystalline sample because of the pres-
ence of multiple planes families with the correct orientation. The rocking curve data
were collected with a Siemens D501 equipped with a Cu ka X-ray tube (A=2.294,
see Figure 2.19 a)).

Pole Figures In normal rocking curves only the planes that are parallel to the
surface are sampled. This implies that only a subset of the grains are sampled, the
ones with the one with a preferential orientation of the planes parallel to the sample
surface. A variation of the /260 scan is the pole figure scan [117]. A single pole
figure scans the orientation of the scattering vector in the reciprocal space. This is
performed by rotating the sample around the tilt angle ) (which implies that this
is a non coplanar configuration) and the azimuthal angle ¢ angles (see Figure 2.20).
This is allowed thanks to the experimental setup (sample is placed in also called
Euler-cradle having four angular degrees of freedom) which allows the rotation of
the sample around the surface normal (¢ angle) and the tilting around the rotation
axis (¢ angle), while the 26 angle is kept constant. Usually pole figures are presented
in different geometries due to the different way to project a sphere on a flat surface.
In this work the constant A is used. The technique is currently used also coupled
with synchrotron radiation to accurately determine the faceting of organic thin films
[29].

The pole figures are collected with a Philips X'Pert system, with an ATC3 texture
cradle mounted in a Bragg-Brentano focusing geometry. The Cr ka X-ray tube was
collimated with two perpendicular 1° slits before the sample, and one 1° slit after
the sample. This leads to an acceptance angle slightly larger than 1° A2 6. Also a
/20 scan was performed on the sample to test the positioning and also because the
instrument geometry allowed to perform different scans at different ® angles.

This technique, coupled with 6 /26 scans, were performed at Technische Universitat
Graz in the lab of Prof. Resel to obtain preliminary results on the self-organization
of LuPc; thin film on different substrates, see Fig.2.19 b).
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FIGURE 2.19: Example of the different X-ray diffraction techniques

used in this work: a) /260 scan of LuPc,; on H terminated Si(100);

b)pole figure on the Si(111) peaks of LuPcs on H terminated Si(100);
c)out of plane map of LuPc, over Au(111).
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FIGURE 2.20: Schematic of a pole figure measurement.

Grazing Incidence Grazing incidence X-ray Diffraction (GIXD) is a powerful
tool to study the structural properties of thin and ultrathin films. The penetration
depth of X-rays in solids is in the 10-100pm range, while the thickness of films rel-
evant for scientific or technical purposes can be below 1 nm. This directly leads to
the fact that the peaks of the layers are buried in the noise coming from the substrate
at typical Bragg angles. To increase the travelling path of the X-ray in the film the
incident beam’s entrance angle can be lowered down to a few tenths of a degree. The
geometry is shown in Figure 2.21. In this case the impinging angle is different from
half the diffraction angle, and it is kept constant during measurement, while the de-
tector is either moved along the exit angle (20-«) or along the ® angle. This directly
implies that the scattering vector is not kept perpendicular to the surface, and hence
planes of different orientation can be sampled (see Fig.2.21. A few very important
factors have to be taken into account when lowering the angle: first the refractive
index of many materials for x-rays is lower than unity. This leads to a total reflection
below the critical angle (between 0.6 and 0.1° for most materials). In particular the
® scan is currently employed to resolve the inplane structure and epitaxial relation
between ultrathin films and the substrate in both inorganic [33] and organic materi-
als [77].

This technique has been used at the beamline SIXS at the synchrotron SOLEIL to
study the organization of LuPc; thin films on Au(111), see Fig.2.19 c).
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Detector

FIGURE 2.21: Schematic depiction of GIXD geometry.
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Results: Structure

In this chapter we present the results we obtained on the structure and the surface
morphology of LuPc, thin films. The results have been acquired by means of dif-
ferent diffraction techniques (XRD, GIXD) as well as XRR and spatially resolved
microscopic technique (STM).

3.1 Structure

The first part will present the structure sampled with integral techniques, in partic-
ular we used both synchrotron and lab based diffraction techniques to explore the
structure of LuPcy on different substrates.

3.1.1 Structure of Rare Earth Pc,

Phthalocyanines show a strong polymorphism, they are known to crystallize in dif-
ferent structures which are shown in Figure 3.1. The « structure is a metastable
structure found in phthalocyanine thin films [152]. It is a tetragonal structure, with
a square base defined by the a and b vectors and the c axis perpendicular to it. The
molecular planes are parallel to the basis of the unit cell. Stacked molecules are in
staggered position, meaning that the molecular axis (i.e. the axis joining two op-
posite benzene groups and passing through the central metal cation) are rotated by
different angles respect to the c axis. This helps in reducing the electronic repulsion
between the benzene rings. The structure was only fully resolved for single decker
phthalocyanine, and in figure is represented for LiPc. The 3 structure is a monoclinic
structure with a square basis. The distortion from the tetragonal is due to the offset
in the packing. This greatly reduces the electronic repulsion between the benzene
groups, that are found to be oriented all in the same direction which would lead to
a strong overlap in case of a vertical stacking. This structure is an example of stag-
gered 7 stacking, which allows for the superposition of the positively charged sides
(in the quadrupolar approximation, which is in particular true for the benzene rings)
of one molecule with the face of the next neighbour, where the electronic density is
localized due to the presence of the delocalized molecular orbitals. The molecular
plane is slightly inclined respect to the unit cell side, ~8°. If the unit cell is tilted so to
have the molecular plane parallel to the substrate surface, a perfect square is again
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FIGURE 3.1: top: « phase from CuPc as taken from ref. [133],

the molecules belonging to the lower planes are coloured in lighter

colour; centre: the 8 structure from NdPc, taken from ref. [34]; bot-

tom: the ~ structure from LuPcy taken from ref. [98]. The atoms

belonging to the lower plateau of double-decker phthalocyanine and

the second plane in the structure of single decker phthalocyanine are
coloured in lighter colours for clarity.
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obtained. The ~ structure is a herringbone-like packing with the molecules stacked
almost perpendicular to their next neighbour to maximize the attractive electrostatic
interaction between the benzene rings (again starting from the quadrupolar approx-
imation). The molecules have their benzene units pointing towards the centre of the
next molecule, leading to the zig-zag pattern. Only the v structure has been fully re-
solved for LuPcy [98], as it is the most stable structure in single crystal or in powder.
The 3 structure has been analysed for other REPcy, and here the results for NdPc; are
used. The two complex differ only in the central cation, and the two cations differ
only in the atomic number (Lu being 71, and Nd being 60). This implies that while
the Lu has a full 4f shell, Nd only has 4 electrons, but as the 4f shell is compact and
close to the nucleus the difference in atomic radius is only 10% (the Nd(III) being
124.9 pm in the octahedral coordination, while the Lu(IIl) is 111.7 pm in the same
coordination [69]) no major changes are expected in the structure. For the o phase
of REPc; no data have been found in the Cambridge Data Structure Database. Con-
sequently here the version for the single decker phthalocyanine (CuPc) is presented
only to explain the stacking.

3.1.2 LuPc; on H terminated Si(100)

The first result was obtained on a low reacting surface, to study the properties of the
molecule in a weakly bound state. H terminated silicon is indeed known to be a low
reacting surface. The dimers of the 2x1 reconstruction of the Si(100) are saturated
by H atoms, which act as a passivating layer [11]. This way the chemical bonding
between the substrate and the molecule [9] is prevented. It has been shown [12] that
the molecules are able to freely move on the surface and organize following only
molecule-molecule interaction as a driving force. Therefore the packing should be
different from to the one observed on metals. To further investigate this hypothesis
and complete the NEXAFS data published by Bidermane and coworkers [10] XRD
measurement have been performed on a LuPc; thin film deposited on H terminated
Si(100). Our Si[100] sample in particular was presented with a miscut of 4° along the
[110] direction, resulting in a stepped vicinal surface, with an average terrace size of
a few nm.

The nominal thickness (as measured by SDRS) was ~ 20 nm. However from the
reflectivity scan shown in Figure 3.2 bottom and the Kiessig fringes we were able
to remeasure the thickness to be 36+ 2 nm. Due to the inherent difficulty in accu-
rately calculating the thickness from SDRS data, the thickness calculated from XRR
data is retained. The sample shows a wide peak at q=0.93 A~?, relative to the (040)
plane of the ~y structure of LuPcy. The width of the peak is due to a certain amount
of amorphous phase. As said before the v phase is the stable phase in the single
crystal, and it is not surprising to find it for thin films grown on slightly interacting
surfaces. However the expected value for the (040) plane of ~ structure is at 0.98
A~1, showing a relaxation in the out of plane direction. This might be due to the
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FIGURE 3.2: Specular scan (top) and reflectivity scan (bottom) of
LuPc; deposited on H terminated Si(100).
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morphological constraints imposed by the small terraces of the sample, which con-
strain the in-plane unit cell, causing a relaxation in the out of plane direction. The

FIGURE 3.3: Pole figure around the (040) peak of LuPc,; on H termi-
nated Si(100).

pole figure taken on the (040) plane (Figure 3.3) shows a homogeneous distribution
around the central spot (plus the 4 spots due to the (111) planes of Si, indicated by
black circles, whose asymmetry is due to the miscut of the sample and to imperfec-
tion in the sample fixing on the goniometer), showing no variation in the direction
of the unit cell axis. This can be explained with the template effect of the surface,
which only gives a nucleation place for the crystal, but does not influence the crystal
growth any further.

We can resume the results obtained on H passivated Si(100) by saying that the
molecules absorb on the surface in a semicrystalline film, the crystalline moiety
adopts the 7 structure, which is known to be the stable phase in the single crystal, as
depicted in Figure 3.4.

3.1.3 LuPcy; on Au(111)

The structure of thin films of LuPcy deposited on Au(111) was analysed by means of
different X-ray diffraction techniques: rocking curves, pole figures and GIXD. The
first two techniques were employed with conventional X-ray sources in the group
of Prof. Roland Resel at the Institute of Solid State Physics at the TU Graz, while
the GIXD experiment has been performed at the beamline SIXS at the synchrotron
SOLEIL.
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FIGURE 3.4: Depiction of the molecular stacking of LuPc; on H ter-
minated Si(100).
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FIGURE 3.5: /26 scan on a 200 nm thick LuPc; thin film on Au(111).

Laboratory results The sample analysed using laboratory techniques was prepared
by thermal evaporation of the molecules in UHV on a freshly cleaned, herringbone
reconstructed, Au(111) single crystal. The thickness was estimated to 200 nm by
means of SDRS. The sample was then removed from the vacuum chamber, trans-
ferred to the X-ray lab in Graz, where it was analysed after a few days. Specular
scans were taken and are shown in Figure 3.5. The strong peak at q=2.53 A~! is
due to the Au(111) substrate. The two shallow peaks at q=1.75 A~! and q=3.40 A~
are due to the (002) and (004) planes of the 3 phase respectively. The two peaks
are expected at 1.46 and 2.83 A~ respectively. The discrepancy is most probably
caused by an expansion of the interplanar distance in the out of plane direction. The
strong peak at q=3.61 A~ is due to the (002) plane of the o phase, which is expected
at q=3.52 A~!. This is representative of a slight contraction along the ¢ axis which
might be caused by a relaxation of the in-plane structure due to the interaction with
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the substrate or to a simple difference in the planar stacking of LuPc; respect to
NdPcy, as small differences are found [98]. The shrinking of the in-plane unit cell of
the f3 structure and the expansion of the unit cell of the a phase are both most likely
due to the influence of the substrate. It has to be noted, respect to the film deposited
on H terminated Si(100) (see Figure 3.2), the absence of the large peak due to the
amorphous phase. This is due to the higher crystallinity of the film. This is impor-
tant, as it shows that the stabilization of the « and  structures due to the substrate
does not fades far from the interface. We can conclude that the film is a mixture of
the two phases (roughly 10% /) but, as both the a and the 5 phase have the c axis
almost perpendicular to the molecular plane (see Figure 3.1) all the molecules are
lying almost flat on the surface. The o phase is known to be the most stable phase
in phthalocyanine thin films when the molecules are deposited under vacuum on a
substrate kept at room temperature. Transition between the two phases is achieved
after annealing, as was shown by Yim and coworkers[152].

To verify the presence of different domains pole figures were taken on the same

[ 1] 13

FIGURE 3.6: Pole figure of LuPcy;/Au(111) taken at q=3.61 AL,

sample. The results are shown in Figure 3.6 which represents the pole figure taken
around the (002) peak of the « structure. The central spot is the specular reflection
of the surface, than the 12 spots around it are due to the epitaxial order of the LuPc;
film, and last the three triangular spots are due to the tree (111) reflections of gold.
The presence of 12 evenly spaced spots at an angular distance of 30° means that 12
different domains are present. Due to the six-fold symmetry of the substrate we can
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reduce the 12 domains to only 2 symmetry inequivalent domains. The angle respect
to the sample normal indicates that the molecules are not perfectly parallel to the
surface but inclined by an angle of 4°.

The first conclusion that we can withdraw is that the molecules arrange on a mixture
of « and (3 structure, instead than in the ~ structure which is the most stable for the
single crystal. This is due to the stabilization effect of the substrate. Also the film
is composed by at least 2 different domains with different orientation respect to the

substrate

synchrotron. To acquire further information on the system a GIXD experiment
with synchrotron radiation was set up. The additional value of performing an ex-
periment on the SIXS diffraction beamline at the synchrotron SOLEIL are at least
threefold. First of all, the better resolution allowed by the synchrotron light will al-
low to better resolve the different domains. Second the SIXS beamline allows the
sample to be prepared in situ, with cleaning facilities in the preparation chamber
and deposition in the diffraction chamber (the Berillium Chamber). Third perform-
ing GIXD allows to have a stronger ratio between the signal of the overlayer and
that from the substrate due to the longer path in the overlayer, and therefore allows
the study of thin and ultrathin layers. The photon energy was set at 11 keV, equal
to a A of 1.12714 A. The sample was prepared in situ in Berillium Chamber after
a repeated sputtering and annealing cycles of the Au(111) substrate in the prepara-
tion chamber. The deposition was effectuated by thermal evaporation at 340° C and
followed in real time by SDRS. The film was subsequently annealed at 300° for 15

minutes to increase long-range order.
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FIGURE 3.7: Inplane mesh (1=0.05) of the (110) peaks of the clean

Au(111) substrate (left) and cut along one of the diagonal of the re-

ciprocal space comprehending the herringbone reconstruction (right).

The cut has been projected on the h vector of the reciprocal lattice for
ease of representation.
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Substrate First the gold substrate was investigated, and the results are shown
in Figure 3.7. The large spot in the middle of the in-plane mesh in Figure 3.7 left is
due to the [111] peak, surrounded by a hexagon of smaller spots due to the herring-
bone reconstruction. Note that the deformation is due to the measuring geometry.
The hexagon distortion is probably due to the instrument geometry. It is worth not-
ing that the spots are not localized on the direction from the main spot to the centre
of the image. This is the [110] direction, while the reconstruction is perpendicular
to it along the [112]. The shallow horizontal line at q;=2.68 A~1is due to a slight
polycristallinity of the sample, probably close to the edges. In Figure 3.7 (right) a cut
along the diagonal is shown, to better evidence the herringbone reconstruction. The
absence of the principal peak at h=0 A~! is due to the attenuation shutters on the
beamline. During the measurement, if the number of photon on the detector exceeds
a certain limit, a blade interpose between the sample and the detector, reducing the
number of counts. Unfortunately the attenuation factors of the blade are unknown
as well as the exact intensity when the shutter is moved and therefore the "real"
data cannot be recreated. The Au(111) surface is well known to reconstruct at room
temperature (it is in fact the only transition metal with a (111) face reconstructed at
room temperature) since 1981 [141]. Since then a great debate has sparked about the
size of the unit cell and the nature of the reconstruction, which was settled in 1990
when Barth and coworkers [5] with a joint LEED and STM investigation were able
to describe the herringbone pattern on the surface and to measure the reconstruc-
tion’s unit cell to be rectangular unit cell by means of LEED and STM investigation.
They assigned it to a progressive transition from the hcp to the fcc domains, which
have very similar energy. This transition is not abrupt but happens on a series of
unit cell, and leads the atom in between the two domains to occupy position that are
displaced from the highly coordinated fcc and hep ones, and slightly more on top of
the underlying atoms. These two factors generate a displacement in the z direction,
which induces the contrast seen in the STM images, and which form the herringbone
like pattern, with ridges perpendiculars to one of the close-packed directions. Along
this direction atoms experience a contraction of around 5%. The ridges separate the
hcp and fcc domains, with the fcc being almost 80% wider than the hcp, resulting
in an apparent coupling of the ridges themselves [146]. The cause of this displace-
ment is in the electronic repulsion due to the excessive number of electrons in the
Au Wigner-Seitz unit cell, as was explained by Heine and Marks [62]. They showed
that the full d band gives rise to an electrostatic repulsion that pushes the atoms out

of their most symmetric position.

Film As deposited the molecules self-organize on the surface as demonstrated
by the presence of a peak at q=1.92 A~!, as shown in Figure 3.8, which is assigned
to the (200) plane of the j structure. Using Bragg equation it is possible to calculate
the interplanar distance to 14.5+0.1 A. This is in good agreement with the literature
results for the 3 structure, reported to 15.5 A for NdPc,. The width of the peak can
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FIGURE 3.8: Specular scan around the (200) peak of the § structure
of LuPc, deposited on Au(111). Red line is the Gaussian fit of the
experimental data.

be used to calculate the average thickness of the crystallites (7) by use of the Scherrer

.92
formula: 7 = FO9—)\ (A is the incident wavelength and 6 is the Bragg angle).

W HMcos
The FWHM deduced from the fit in Figure 3.8 is 0.531°, which translates to grain
thickness of 11.6 nm, compatible with the thickness value estimated with the SDRS,
which is 13+£2 nm, see Figure 3.8, meaning that the crystallites extend throughout
the whole sample. This is important because it shows how the templating effect of
the substrate is not limited to the first monolayer, but is maintained throughout the

whole film.

In-plane Geometry The relative orientation of the substrate and the overlayer
as well as the inplane lattice parameters has then been extracted to extend the infor-
mations obtained in the lab. The main directions the gold substrate were measured
with a Gaussian fit on the (110) peak, giving w=23.9°. Then an in-plane (q;=0.07)
map of one of the symmetry domains of the overlayer was taken, and is shown
in Figure.3.9. Two series of spots are seen: one at q;=0.47 A~1, and the other at
q)=0.66 A~1, which are assigned to the (110) and (200) reflection of the /3 structure
respectively. From this, using Bragg formula it is possible to calculate the inplane
lattice of LuPcy, which is a square lattice with a=19.43 A. The fact that the spots are
aligned in the reciprocal space is a proof that the in-plane unit cell is squared. From
the periodicity of the peaks the exact angle can be calculated, giving 90.0£0.1°. The
distance between the molecular centers can be found from geometrical reasoning to
be 134 A.

From the lines extracted from the scans in Figure 3.9 bottom, it is possible to note
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FIGURE 3.9: (Top)In-plane mesh (1=0.05) of the LuPcy/Au(111) sam-

ple after heating to 285°C . The position of the 110 peak of gold is at

84.0+0.3°, marked by the vertical line. (bottom) cut along two lines
to evidence the alternating pattern of the peaks.

that half of the peaks are split in two. The alternance is in both cases single/double,
while, comparing the two scans it is possible to see that to every double peak in the
(110) plane correspond a single in the (200) and vice versa. The period between two
(double or single) spots is roughly 30°, and the period between two spots (no matter
which ones) is 15°. This accounts for a total of 24 domains, which divided by the 6-
fold symmetry of the substrate and the 4-fold symmetry of the overlayer reduces it to
2 inequivalent symmetry orientations. The alternance of the single and double peaks
between the two different planes can be rationalized like that: The (110) reflection
is along the diagonal of the unit cell, while the (200) is along one of the sides. This
implies that there is a shift of 45° between the two, which, along with the periodicity
of the peaks, shows that every double reflection of the (110) plane corresponds to
another (200) double peak. These are shown in Figure 3.10. The first configuration
shown in Figure 3.10(top) is relative to the single peaks in Figure 3.9. In this case
the diagonal of the unit cell is aligned along one of the close-packed directions of
the substrate (for example the [110]. It has to be noted that a slight misalignment
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FIGURE 3.10: The different symmetry inequivalent domains of LuPc;
over Au(111). Only the lattice directions of the substrate has been
shown as the exact adsorption point could not be extracted from the
XRD measurement presented here. The upper LuPc; plane has been
coloured in light grey for clarity. In red the vectors relative to the
intermolecular distance are shown, as taken from the 5 phase, which
has the following unit cell: a=19.43+0.1 A, b=19.43+0.1 A, ~=90°.
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is present, as the diagonal of the unit cell forms an angle of 0.12° with the [110] di-
rection. The coupled spots in the diffraction pattern are relative to domains 2a) and
2b). The unit cell axis is aligned with the [112] family of directions of gold, which is
the direction of the corrugation that form the herringbone reconstruction. This leads
one of the axes of the benzene rings to directly align with the corrugation of the her-
ringbone reconstruction, while the other align on the [110]. The template effect of
the substrate is therefore evident. It was, however, impossible to show if the tem-
plating effect is due to the herringbone corrugation, and is therefore a morphological
effect or to the close-packed directions of gold, where the van der Waals interaction
between the molecule and the substrate are more intense due to the higher atomic
density, and therefore is an electronic effect. Zhang et al. [155] have performed
STM measurement on YPcy deposited on herringbone reconstructed Au(111), they
deposited the molecule at room temperature and then transferred the sample in a
liquid helium cooled STM where the analysis took place. They showed that the
elbows of the herringbone reconstruction were preferential nucleation sites for the
small square islands that formed at low coverage. Later Toader et coworkers [138]
performed STM analysis on LuPc; deposited on Ag(111) which does not reconstruct
with the herringbone pattern. They evidenced a preferential growth along [110] and
the perpendicular direction [112], suggesting a strong molecule-substrate interac-
tion. From the two works presented above, we can deduce that even if the herring-
bone might influence the nucleation site of the islands, it is most likely that the Van
der Waals interaction between the sample and the substrate that are dominant for
the templating effect of the substrate. This is confirmed by the same order shown
on a substrate with the same geometry and a similar electronic structure, but which
shows no surface reconstruction. Interestingly the unit cell is not perfectly aligned
with the herringbone reconstruction, but present a slight misalignment which, due
to symmetry conditions, gives rise to the two different domains. It has to be noted
that the two domains are not offset of the same angle from the direction: -1.71° and
0.98° from the [110] direction. The first domain instead present only a low misalign-
ment, which does not generate any twin domain. This is consistent with what has
been observed by Kato and his group [74, 75], who described the adsorption of sub
monolayer of REPc; and HyPc on herringbone reconstructed Au(111). They showed
that the benzene axis aligns with one of the closed packed directions of the substrate
([110] or equivalent) to increase the contact area and therefore increase the stabi-
lization due to the van der Waals interaction. It was shown by Cheng et al. [24]
that FePc at the submonolayer coverage adsorbs on two different configurations:
either with the benzene axis parallel to one of the closed packed directions (config-
uration I), either with the same axis rotated by 15° (configuration II). However they
also showed that increasing the coverage, the configuration II disappeared due to
the stronger molecule/molecule interaction respect to the molecule/substrate. Also
they showed that the ridges and in particular the elbow of the curving ridges act



64 Chapter 3. Results: Structure

as a preferential adsorption site. The two configurations are in fact the two differ-
ent domains that we were able to differentiate during our measurement. Regarding
double-decker phthalocyanine the adsorption happens in a similar way. The group
of Katoh have extensively studied the absorption of double-decker phthalocyanine
on Au(111), see for example ref. [75] and reference therein. They argued that the
absorption geometry stays the same, due to the similarities between the underlying
molecular plateau and a metal-free phthalocyanine. It was in fact shown by Katoh
[75] that the lower Pc ring has the axis aligned with the close-packed direction of the

substrate.
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FIGURE 3.11: h scan (0.9<k<1.1; 1=0.05) of the LuPcs/Au(111) sam-
ple around the (110) peak of the substrate.

The effect on the herringbone reconstruction is shown in Figure3.11. First thing
to be noted is that the reconstruction is not lifted after the deposition of the film. It is
in fact just slightly modified: the third order of the reconstruction is no longer seen
after the deposition, which is due to a loss of long-range order. More interesting
is the effect on the first order peaks of the reconstruction. They both lose intensity
(around 60%) and shift towards lower q. The average position before the deposition
is q=2.51 A~!, while after the deposition it is q=2.42 A~!. This shrink in the recip-
rocal space is equivalent to an expansion in the real space, i.e. the reconstruction
gets looser due to a reduction of the surface stress. A similar result was obtained by
Wang [144] who deposited alkaline metals on herringbone reconstructed Au(111),
showing a loosening and even a lift of the reconstruction with increase of the depo-
sition. This was interpreted as a consequence of the charge transfer from the sub-
strate to the overlayer, which helped reducing the electronic repulsion that causes
the reconstruction. Similarly here, a charge transfer is expected to occur, probably

smaller than the one experienced for metal-free phthalocyanine [10], that also serve

to stabilize the 3 structure.
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Conclusions In conclusion, we were able to measure the structure of LuPcy over
different substrates.

When thermally evaporated over low interacting substrates like H terminated Si(100)
the molecules are semicrystalline and assume the same structure as in the single
crystal: a herringbone structure referred to as vy, with the long axis of the unit cell per-
pendicular to the substrate surface, having therefore the molecules standing edge-on
on the surface.

When deposited over metallic surfaces instead a weak interaction takes place, which
allows for the molecules to lie flat on the surfaces, in the metastable o, which can be
transformed in the more stable § phase upon annealing. The templating influence
of the substrate , in the form of van der Waals forces, is also strong enough to direct
the growth of the domains of the organic overlayer. These domains orient along the
close-packed direction of the substrate to maximize the electronic overlap.

3.2 Surface Morphology of LuPc; Thin Films

After analysing the averaged structure, we concentrated our attention on the local
morphology of the thin film at the nanoscale. To study this aspect STM measurement
both at room temperature and at low (liquid nitrogen (LN)) temperature was per-
formed on a VT Omicron STM. The instrument is composed of two chambers both
with a base pressure in the high 107! mbar. The first one is a preparation cham-
ber, with an ion gun, a heating set up and the evaporators for the molecules. The
characterization techniques available are Low Energy Electron Diffraction (LEED),
Auger Electron Spectroscopy (AES) and SDRS. The second chamber contained the
microscope and a sample storage space. The Au(111) sample was prepared in the
preparation chamber by thermal evaporation on a freshly sputtered and annealed
reconstructed surface. The surface of the substrate was checked by both LEED and
STM. The evaporation was followed in real time via SDRS confirming that the de-
position was of LuPcy. Then the sample was moved into the STM chamber. The
pressure never exceeded the low 10~ mbar during evaporation, and quickly recov-
ered to the base pressure, in the low 10~!° mbar regime after the evaporation.

3.21 Au(111)

Measurements on Au(111) were taken mostly to find the main directions of the sub-
strate and to calibrate the displacement of the piezo ceramics in both the lateral and
z direction. The results are shown in Figure 3.12 a). This and all the following im-
ages have been treated as follows: a plane or a curve has been subtracted to have
flat terraces, the piezo have been calibrated in the z directions on the step size of
Au(111), 2.35+0.02 A (the z resolution of the piezoelectric has been calculated as the
standard deviation of a line profile along what should be a flat line; particular care
has been taken in levelling the data before this procedure). Also eventual sources of

noise like electronic noise, springs vibration, low frequency noise due to mechanical
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FIGURE 3.12: STM images of the Herringbone reconstruction of
Au(111). Large scale a) and small smaller scale b). V=-0.3 V, I=300
PA.

heavy work in the vicinity of the STM room have been removed by FFT filtering.
The clean surface is clearly seen in Figure 3.12, with large flat terraces spanning over
several hundreds of nm, separated by monoatomic steps. The steps are not straight,
but proceed in a curve until a kink, as expected from a hexagonal surface. Even at
this large scale it is possible to see the zig-zag of the herringbone ridges. Starting
from the ridges, the close-packed directions are found and are indicated by an ar-
row. In the zoom (Figure 3.12 b)) the ridges are shown with better resolution, they
are less than 0.1 A high, and the dimension of the fcc domains is 3.7 nm in average,
while that of the hcp is 5.5 nm. Note the imperfection on the elbows, which always
have the right ridge taking a longer path (closing the gap in the right turn and leav-
ing a small hole in the left turn). This has been indicated a possible nucleation site
for molecular domains [155].

3.2.2 LuPc; thin films

As deposited and annealing effects A typical image of the sample a few nm thick
(83 nm, as calculated from the SDRS signal) as deposited is shown in Figure 3.13. A lot
of instabilities are present due to the mobile molecules: the stripes are caused by the
repeated adsorption and release of the molecules on the tip. The sample presents
a continuous underlayer with several islands growing on top. The film growth is
quite homogeneous as shown by the profile on the right, which shows the height of
the islands of around 0.8 nm.

After a slight annealing at 250°C for 10 minutes the film becomes more ordered, as
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FIGURE 3.13: Large-scale image of the sample as deposited, V=-2'V;

I=300 pA, on the right the height profile on the showed lines labelled
A and B.

FIGURE 3.14: Large scale STM image of the sample after 10 minutes
annealing at 250°C. V= -3 V; 1=300 pA.
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seen in Figure 3.14. The step edges appear to be a preferential nucleation site, show-
ing that probably the mobility of the molecules across the edges is not activated at
this temperature. The molecules on top of the terraces do not seem to follow an
order, some almost square domains are seen, but most of the time no principal di-

rections of domains growth are evidenced.

FIGURE 3.15: STM image at large scale of the flat islands that ap-

pear after 15 minutes at 300°C. The tilting of the image is due to the

drift correction, as explained in the experimental section. V=-3.9 V;
1=300 pA.

From Self-Assembled Layer to 3D Packing After further annealing (15 minutes at
300°C) the film presents a peculiar morphology, as shown in Figure 3.15. The large
flat terraces are still present, and, even if not well resolved, they are clearly com-
posed by molecules. On top of it, isolated free standing molecules are present, and
also flat islands of up to a hundred nm in diameter. The islands have sharp edges,
and often present a doughnut shape, with a hole of several tens of nm in the middle.
In general all the islands present extended defects (holes) of an irregular shape. In
images taken at small scale (< 100 nm) where low noise was present (i.e. few mobile
molecules on the surface) it is often possible to see the individual missing molecules
that lead to the holes, which usually measure between a couple and a few tens of
molecules. The most interesting feature of these islands is evidenced by the height
profile shown in Figure 3.16 it is shown a line that comprehends different steps: start-
ing from the left we see a step from the bottom plateau to the upper plateau, then
a step from the upper plateau to the island, a step from the island in the hole and a
step from the hole to the island again. The sketch in Figure 3.16 (bottom) shows that
the island is twice as high (6 A) with respect to the underlying plateau (2.6 A). The
height is the same both respect to the outer terrace and to the inner hole. This means
that the whole island is composed of a double layer of molecules, lying on a single
layer one. Indeed the underlying terrace is composed of a single layer of molecules
as can be seen from the model depicted along with the profile line. This cannot be an
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FIGURE 3.16: top: STM image of an island. V=-2.6 V; I=300 pA; bot-

tom: profile obtained over the line shown on the STM image, with

a depiction of the molecular stacking (the horizontal axis is not on
scale).
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Au(111) step due to the higher height and most important the irregular shape. The
same behaviour has also been measured on a sub monolayer coverage [8], but the
statistics were not sufficient to deduce a general tendency at larger scale. A similar
stacking geometry (i.e. bilayer growth) was described for Titanyl Phthalocyanine on
Ag(111) [80] and HOPG [112]. The molecule is composed by a single phthalocya-
nine ring with at TiO group as a central cation, with the Ti atom in the middle of the
cavity and the O protruding. Both these works showed that these molecules present
a strong intermolecular dipole-dipole interaction. This interaction is screened by
the metallic substrate for the first few layers (more in the case of Ag, showing the
better screening capabilities), leading to a layer by layer growth. After this "buffer
layer" the growth starts to be bilayer by bilayer, with the two titanyl groups facing
each other, but staggered, so to have the negatively charged oxygen of each group in
front of one of the benzene group’s hydrogen atom. This leads to a strong stabiliza-
tion due to the hydrogen bond. Such dipolar moments are not found in the LuPcy, so
other hypotheses have to be made. The adsorption energy for a molecule on top of
another molecule has been calculated by DFT, and found to be 4.6 eV per molecule as
was calculated by J. Luder (University of Uppsala). This is a very high value if com-
pared to other phthalocyanine, which can explain the Stranski-Krastanov growth
mode, but not the stop at two layers. To fully understand this phenomenon further
calculation are needed.

It is complicated to fully resolve smaller holes, but for the intermediate one (some
tens of missing molecules, as the one shown in Figure 3.17) different situations can
be found: in some cases the edges are two molecules deep and sharp all around
the hole, meaning that the upper layer is either perfectly aligned with the underly-
ing one, or it protrudes towards the hole. In other cases molecules are seen in the
hole which do not look like isolated molecules but as molecules in a lattice. The
tirst case, however, is drastically more common. Instead for the larger holes (the
ones in the middle of the islands) as well as for the outer borders the step is per-
fectly sharp except for rare exceptions. Also molecules are often found lying on top
of the incomplete layer, suggesting an island-like growth. This is consistent with
a Stranski-Krastanov mixed growth process which was already described for thick
films of LuPc;y on low interacting surfaces [12].

Stacking The stacking between different layers can be studied by looking at dif-
ferent features of the thin films. Holes, if resolution is achieved inside, can give
information on the ordering of the underlying layer, hole edges sometimes have
molecules from the underlying layer peeking out, which can give information on
the relative orientation. Also isolated molecules over a lattice (which might lead to
the nucleation of the successive layer) can be looked at to see if any preferential ori-
entation is present. This is particularly important since isolated molecules are fixed
in the overlayer, again due to the high adsorption energy. Figure 3.17 shows the hole
in a doughnut shape, which was large enough to resolve at least the directions of the
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FIGURE 3.17: Magnification of the hole shown in Figure 3.16.
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FIGURE 3.18: STM image of an island with some isolated molecules

on the underlying plateau. The different colours of the circles show-

ing the different orientation of the molecules on the underlying ter-
race. V=-2.5V; 1=300 pA.

layer. It has to be kept in mind that the island is formed by a double layer. Although
not well resolved, it is possible to recognize ordered lines in the hole, which are in-
terpreted as the orientation of the benzene groups of the molecules. It can be seen
that the benzene groups in the hole are oriented in the same direction as the majority
of the benzene in the topmost layer (domain A). Also no changes in the benzene ori-
entation are seen in the underlying layer, meaning that only one domain is present.

A lot of isolated molecules can be found either on top of the island or on the un-
derlying terraces, which are well suited to study the intermolecular interactions that
lead to the growth of successive layers. In Figure 3.18 the different orientations of
isolated molecules on a plateau are evidenced. It is clear that no preferential ori-
entation is found, and a greater statistics on other images did not give any further
insight. This is because isolated molecules have different adsorption geometries, all
of which allow for a favourable piling of the benzene rings. Better information can
be deduced from looking at the isolated molecule adsorbed on top of the islands, as
in this case resolution on both the layer and the molecule can be achieved. In this
case some striking effect can be found. In Figure 3.19 a few different geometries are
shown. Figure 3.19 a) shows for example a molecule that is adsorbed exactly on top
of the underlying (assuming that the underlying molecule is oriented in the same
way as the adjacent molecules in the lattice). This leads to a face to face contact of
the benzene group of the two molecules, which should be highly unfavourable due
to the benzene-benzene electronic repulsion (see ref. [70]). This can be explained
by taking a closer look at the frontier orbital of LuPcy, as were calculated by Bider-
mane and coworkers [10] and shown in Figure 3.19 e). This shows the asymmetry
of the electron density on the benzene ring, which can lead to an attractive inter-
action if the electronic densities are on the opposite sides. To verify this hypothesis
further calculations are needed. This is indeed the most frequently observed adsorp-
tion geometry. In Figure 3.19 b) a second possibility is shown, with the molecule on
top having the benzene rotated of around 50° respect to the ones of the underlying
molecule. Again the lower benzene rings of the upper molecule arrange on top of
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FIGURE 3.19: (a-b)STM image and molecular model of the "on top"

adsorption configuration V=-2.5 V; I=300 pA; (c-d) STM image and

molecular model of the "staggered" configuration V=-2.5V; =300 pA;
(e) molecular orbitals of LuPc; as calculated by DFT in ref. [10].
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the benzene of the underlying one as can be seen from the model in Figure 3.19 c).
On the contrary the adsorption on the underlying layer seems not to present any

preferential orientation.

FIGURE 3.20: STM image of a single isolated molecule (left) and of a

few molecules in the lattice (right). The molecular model is superim-

posed. V=-2.5V; 1=300 pA; At the bottom the DFT calculated Lattice
for a single layer of LuPc;, deposited on Au(111).

Molecules Aspect It is interesting to study the variations in molecule aspect when
included in the lattice. The lattice has been calculated by DFT (again by J. Luder)
for a single layer of LuPcy in vacuum. It shows a square unit cell of 13.4 A, and
the angle between the molecular axis and the unit cell vector is 25.8° as shown in
Figure 3.21. When isolated on a surface LuPc; molecules look like the one shown
in Figure 3.20. In the isolated case the molecule has a square shape, with rounded
edges. The eight lobes are due to the electronic density on the four benzene rings of
the upper phthalocyanine ring, with each benzene ring giving rise to two lobes due
to the splitting of the electronic density, as was calculated by Bidermane et coworkers
[10] and experimentally shown by for example Toader and coworkers [138]. The two
dark lines in that cross in the middle correspond to the spaces between the benzene
rings. The hole in the middle is due to the low electronic density on the central Lu
cation. There has been a debate about the possibility of seeing the 4f states of the rare
earth cation via STM. They are strongly localized, and do not take part in forming
any molecular orbital [107] (the HOMO-2 has a slight Lu 4d character), nonetheless
Warner and coworkers recently demonstrated the accessibility of the 4f orbitals of
Nd in NdPc; [46] and of Dy in DyPc; [148] adsorbed on Cu(100) by means of com-
bined STS and DFT approach. It has to be kept in mind that Nd and Dy are both early
elements in the lantanide series, and have an electronic configuration 410539652 for
Dy and 4f*,6s? for Nd. This directly implies that one of the electrons donated to the
Pc ligands is a 4f electron. This also means that the orbitals are closer to the vacuum
level, making them more prone to be influenced by the ligands or by the surface
states of substrate. In contrast are the results presented by Zhang and coworkers
[154] for DyPcy on Au(111), who performed STS and STM at low temperature and
found no signal from the Dy 4f orbitals. Similarly all the topographical images re-
ported for RE Pcs [138, 75] adsorbed on less reactive noble metal surfaces (Ag(111),
Au(111)) present a molecule with 4 or 8 lobes (depending on the image resolution),
which belongs to the benzene ring, with a dark centre.
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FIGURE 3.21: Top left: STM image at V=2V, with superimposed the

calculated DOS and the molecular ball and stick model; Top right: the

calculated DOS at V=2 V with superimposed the molecular model.

Bottom left STM image at V=-2 V, with superimposed the calculated

DOS and the molecular ball and stick model; Bottom right: the calcu-

lated DOS at V=-2 V with superimposed the molecular model. The
lower Pc ring is coloured in light grey for clarity.
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When included in the lattice instead, the shape of LuPc; as seen via STM is modified,
as shown in Figure 3.20 (right). The frontier orbitals are constrained by the nearest
neighbours, as is demonstrated by the molecules on the edge of a defect, which
shows the "in lattice" orbital shape on the sides exposed towards other molecules,
and the "isolated" shape on the sides towards the hole. Also the molecule apparent
radius (calculated as the distance between the centre of two dark spots in the case of
the molecule in the lattice, and as the "FWHM" in the case of the isolated molecule)
reduces from 2240.1 to 21 £0.1A (the error bar was measured by statistics on the
distance between the centre of two adjacent molecules, i.e. the distance between two
black spots; dependence on image size, scan speed, and scan angle have been taken
into account).

The aspect of different molecular orbitals has been probed by varying the scanning
voltage. The results are shown in Figure 3.21. On Figure 3.21 a); c) the same calcu-
lated images are shown superimposed to the measured STM images at the same
voltage while on b); d) the molecule is superimposed to just the DFT simulated
images for clarity. The images have been simulated starting from the calculated
molecular orbitals and the Tersoff-Harmann method to model the tip. On top the
occupied states are shown, while at the bottom the empty states are shown. A very
good agreement can be seen between the calculated and the measured images. It
can be seen how, while the SOMO is more ball like, with the density spread around
all the benzene atoms the Single Unoccupied Molecular Orbital (SUMO) is mostly
localized on the sides of the benzene ring, as demonstrated by the separated spots
in the simulated image.

FIGURE 3.22: Calculated DFT lattice for LuPc; monolayer adsorbed
on Au(111) (left), superimposed on the measured STM image (right)
V=-2.5V;1=300 pA.

Molecular Lattice The molecular lattice of LuPcy molecules in vacuum was calcu-
lated by J. Luder with the PW code, including dispersion correction. The results are
shown in Figure 3.22. The angle between the lattice vector and the symmetry axis of
the molecule (i.e. the axis that runs over the two opposite benzene groups) is 25.8°.
The data are in good agreement with the values found experimentally, where the
angle between the lattice vectors and the molecular symmetry axis is 25°. This is
different from the values shown by Toader and coworkers [138] and for the single
crystal, who both report a rotation 45°. The rotation is due to the molecule-molecule
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interaction during the self-assembly: the driving force is the superposition of the
benzene rings of the upper macrocycle with the ones of the lower macrocycle of
the nearest neighbour. It has to be remembered that in the crystalline form the two
macrocycles are not rotated by 45 degrees due to the Ian Teller effect,and have been
measured via XRD by Darkovish and coworkers [98], as shown in Figure 3.1. This
leads to the different rotation as the two different configurations are not equivalent
due to the different angles between the lower and the upper plateau.

Different domains are present on the surface, as shown in Figure 3.23 right. The

FIGURE 3.23: a) STM image showing different domains V=-2.6 V,
I=700 pA; b) model of the two different domains as deduced from
the STM image.

lines that cross the molecule centres are parallel throughout the island, what is chang-
ing instead is the orientation of the benzene rings. This tells us that the difference
could not be told by the diffraction data we acquired as the diffraction data are not
sensitive to the molecular orientation but to the orientation of the unit cell. The re-
spective position of the molecules can be seen in Figure 3.23 left. The rotation angle
between the benzene axis in the two domains was measured on the molecular model
and found to be of 40°. This is lower than the value measured by Toader, which
found 60° and assigned it to the orientation periodicity of the substrate. Moreover
in that case no alternance of the domains was seen, but separate islands, each of them
monodomain. The relative abundance of the two domains, however, is not equally
split. The repetition pattern is usually 4+1 A and 1 B. The width of the domain,
however, is larger of the distance between two ridges of the herringbone reconstruc-
tion, excluding a template effect from the substrate, even if different adsorption ge-
ometries were found for metal free Pcs on herringbone reconstructed Au(111). The
different relative orientation of the benzene rings between adjacent molecules in the
two domains is clear from the model. In fact both domains represent the same pack-
ing, only turned by 180° on the horizontal plane (i.e. the plane of the macrocycle).
The grey (lower) plateau in the black domain are in the same respective position as
the blue (higher) plateau in the blue domain. It is interesting that even if these two
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domains should have a quite similar energy the blue one is found on only one ev-
ery four or five lines. A hypothesis is that the interaction with the underlying layer
can act a stabilizing factor for the high energy configuration, which is therefore un-
favourable at the surface.

It is interesting to see the rearrangement of the molecular orbitals in presence of a
defect which acts as a twining nucleation point.

3.3 Conclusions

The molecular structure of LuPc; (and in general of REPcy) thin films is dictated by
electronic interactions. It is strongly influenced by the substrate and its electronic
morphology at the surface, and it is driven by the interaction between the benzene
rings for the stacking but not in-plane. When deposited on a metallic substrate, the
molecules adopt the metastable /5 phase instead of the slightly more stable v phase
adopted on less interacting surfaces. In the § structure molecules orient with the
molecular planes almost parallel to the substrate surface. This is the first signature
of the interaction with the substrate, which is able to stabilize the surface, the sec-
ond is the relaxation of the herringbone reconstruction of the gold substrate, which
is explained as a charge transfer from the substrate to the molecular layer. Another
evidence of this interaction is the alignment of the unit cell of the molecular layer on
the close-packed direction of the substrate. This is due to the increased favourable
Van der Waals interaction between the molecule and the substrate and leading to two
symmetry inequivalent domains. At the nanoscale level the morphology as expected
present an increasing order degree with consecutive annealings. It goes from a dis-
ordered, bubble-like, corrugated thin film, to a disordered dispersion of molecules
on some flat terraces, to ordered islands on flat terraces coexisting with little disor-
dered molecules. The islands are in fact composed by a double layer of molecules,
probably due to the high molecule-molecule absorption energy. We demonstrated
the presence of different domains and described their arrangement in terms of the
molecular position in-plane, but no conclusion can be obtained from this as the ori-
entation seems to be random. We deduced the 3D stacking of the molecules on top
of an island by studying isolated molecules. We showed two different packing ge-
ometries, where the one is with a specular position of the facing Pc ring of the two

molecules is preferred with respect to the one with a "staggered" geometry.
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Chapter 4

Results: Reactivity

The reactivity of organic molecules has not been largely addressed from a fundamen-
tal point of view. It does, however, influence a lot of different properties in organic-
based devices [122]. Organic materials are known to exhibit different behaviours
when exposed to gases rather than in UHV [61]. They might react with the gases
leading for example to less conductive products, or they can even polymerize. The
most common result is, however, the creation of deep traps (cfr. Chapter 22), which
lead to decrease in the conductivity. But this is not the only process; Kawasaki and
coworkers [72] exposed a picene film deposited on Ag(110) to oxygen, and demon-
strated an increase of conductivity in the film, due to the reduction of shallow traps,
especially at the interface with the substrate. This example perfectly explains the
need for a thorough characterization not only of the electronic properties of organic
thin films, but also of their evolution under reactive, real (as opposed to UHV) con-
ditions.

The reactivity of LuPcy towards atmospheric gases in the thin film form has been
analysed by means of different synchrotron based spectroscopic techniques: HR-
XPS and NEXAFS.

4.1 Pristine molecule

Before discussing the results on the reactivity of the molecule, it is important to
present what is known about its electronic structure in the pure form when de-

posited in thin films.

4.1.1 Electronic structure

The photoemission spectra for a ~1 nm thick film of LuPc, deposited on Au(111) is
shown in Figure 4.1. The survey presented in Figure 4.1(a) displays 4 peaks (the high
resolution regions are shown in Figure 4.1 below): Lu 4f in the valence band (b), C
1s (c), N 1s (d) and the peak of Au 4f from the substrate. Lu 4d and 3d are not seen
due to the low cross-section. The Lu 4f region shows two peaks at 8 eV and 9.5 eV
relative to the 4f 7/2 state and 5/2 respectively. The C 1s region is composed by two
peaks at 284.8 eV and 286 eV, with a broad shoulder at 287.2 eV. The N 1s instead
presents a single peak at 398.5 eV with a large shoulder at 399.5 eV. In Figure 4.2
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FIGURE 4.1: XPS spectra of LuPc; ~1 nm deposited on Au(111).
a) Survey; b) Lu 4f; ¢) C 1s; d) N 1s.

the resolution of the single spectral components of the N 1s region is presented. In
the case of the N 1s the main peak is fitted with just one component due to the small
energy difference between the two inequivalent nitrogens (less than 30 meV) [9], but
slightly asymmetric, to still take into account the difference between the pyrrolic and
the azabridge nitrogen atoms. The shoulder at higher BE is assigned to a shake-up
peak, resulting from an excited final state (see chapter 2). Again the shoulder is fitted
with a single peak. Table 4.1 presents the results of the fitting parameters.

In Figure 4.3 the resolution of the single spectral components of the C 1s peak
of LuPcy thin films is shown. Fitting of the carbon peak was achieved with four
components, two for the two inequivalent carbons and two for the respective shake-
up. The difference between the two different benzenic carbon (the ones with only
benzenic carbon as first and second nearest neighbour, and the ones with a pyrrolic
carbon as the nearest neighbour, both in black in Figure 4.3) is 30 meV [10], so with
the obtained resolution they are not resolved. To still account for the two inequiva-
lent binding energies the first peak is fitted with an asymmetric curve at 284.85 eV.



4.1. Pristine molecule 81

= Raw Data
=== Total Fit
- === Nitrogen + shake up

Intensity (cts)

L . .402........400........398........3%.
Binding Energy (eV)

FIGURE 4.2: Resolution of the single spectral components of XPS
spectrum of the N 1s peak of a LuPc, thin film (~1 nm) deposited
on Au(111).

TABLE 4.1: Peak parameters of the N 1s fitting.

Peak Position (eV) FWHM (eV) Area
N 398.15 0.95 0.91
Nsnake—up 399.10 1.45 0.34
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FIGURE 4.3: Resolution of the single spectral components of XPS
spectrum of the C 1s peak of a LuPc;, thin film (~1 nm) deposited
on Au(111).

The second peak is fitted with two different components: the first at 285.98 eV is due
to pyrrolic carbon (yellow in Figure 4.3) and the second one at 286.9 eV due to the
shake-up of the benzenic carbon according to Brena et al. [17] The authors of this
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TABLE 4.2: Peak parameters of the C 1s fitting.

Peak Position (eV) FWHM (eV) Area
Clean

C benz 284.85 0.73 0.49

C benzhake—up 286.88 1.20 0.03

C pyrr 286.00 0.80 0.15

C PYITshake—up 287.65 1.20 0.03

study first recognized that to be consistent with the molecular composition of the
molecule the ratio between the benzene carbon and the pyrrolic carbon has to be 1:3,
and to obtain this ratio the shake-up peak needs to be placed at BE ~286.9 eV. This
is conforted by the experimental and theoretical results on the optical excitations
available for the molecule, which shows a strong transition at 1.9 eV, which is close
to the energy distance between the principal peak and the shake up. As it is possible
to see from Table 4.2 the ratio to be used in the calculations is the total photoemis-
sion from the carbon atom, i.e. the sum of the principal peak and the shake-up, if
those are employed the resulting ratio is 2.95, which is close enough to the expected
ratio, remembering that uncertainties in XPS intensities are around 10%. The differ-
ent energy separation between the two principal peaks and the relative shake up is
probably due to the centering of the peak on a different transition. The relative po-
sition between the shake-up and the principal peak in fact may vary depending on
the excited transition, while the intensity of the shake up depends on the oscillator
strength [55].

The principal peak and the shake-up in N 1s peak are 0.9 eV apart in energy (see
Table 4.1), which is in evident contrast with the results obtained on carbon. This is
most likely due to a difference in the excited transition. It has to be remembered that
the molecular orbital are localized as follows: the SOMO is mostly localized on the
carbon atoms (both the a and ~, the LUMO is localized on the same C atoms and
on both the pyrrolic and azabridge nitrogens [10]. The HOMO instead is mostly lo-
calized on the pyrrolic nitrogens. The oscillator strength for the different transitions
were calculated by Orti and coworkers [107] who found an oscillator strength of 3
for the low energy transition that generates the ] band at 0.8 eV, and a total of 10.2
for the three transitions centred at 1.8 eV that correspond to the Q band. Therefore in
the case of C a HOMO—LUMO is most probable, which correspond to the Q band,
the most intense optical transition, located at 1.87 eV, as was measured by SDRS [13].
For a photoelectron escaping from an N atom instead a SOMO—LUMO is the most
probable, which is the transition known to form the strong J band situated at 0.9 eV
[19]. However accurate calculations on the electronic transitions in presence of a
core hole should be performed to shed light on this process. It has to be reported
that the results agree well with the ones published by Toader and coworkers for the
C spectrum [138] and both the C and Nitrogen spectra shown by Bidermane and
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FIGURE 4.4: NEXAFS spectrum of a ~1 nm thick LuPc, deposited

on Au(111). (top) with polarization perpendicular (90°) to the surface

(out-of-plane), (bottom) with polarization parallel (4°) to the surface

(in-plane). The filling represents the contributions: pyrrolic (blue)
and azabridge (purple) N atoms.

coworkers [9].

4.1.2 NEXAFS

The NEXAFS data for the N K-edge of a clean LuPc; thin film deposited on Au(111)
are shown in Figure 4.4. The ionization threshold is the step in the absorption at
405 eV evidenced by the vertical line, best seen in the in-plane polarization. Below
that threshold the 7* resonances are present, which are relative to transitions N 1s —
7*. They are composed by four different transitions at 398 eV, 400 eV, 403 eV and
404 eV, with the last two almost disappearing in the in-plane polarization. Above
the threshold the o* resonances, relative to transitions N 1s — o*, are composed by
a transition at 407 eV, which almost disappears in the out of plane geometry, and a
broad transition around 409 eV. The position with respect to the ionization potential
is due to 1s orbital that relaxes towards higher energies after ionization, and the =
orbitals shifted towards lower energies is due to the increased Coulomb interaction
with the nucleus. This explains why the transition to the formally antibonding 7*
orbitals are located below the ionization potential. The energy of the o* transition
instead is strongly dependent on the bond distance and on the size of the two atoms
forming the bond [132]; it is possible to approximate that it falls above the ionization
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potential if the sum of the atomic numbers of the two atoms forming the bond is
above 15. The NEXAFS spectra on this specific molecule has been simulated by Bi-
dermane et al. [10] by means of DFT calculation. They concluded that in the in-plane
polarization the first two 7* resonances at 398 eV and 400 eV are mostly due to the
azabridge and to the pyrrolic nitrogen respectively, as shown by the different colour-
ing in Figure 4.4. In the out of plane polarization instead, the two contributions are
mixed and impossible to be separated. A strong dichroism is present: 7* resonances
are seen most intense in the out of plane polarization while the o* are most intense in
the in-plane polarization. This can be interpreted by remembering that the NEXAFS
cross section depends on the angle between the electric field polarization and the
linear momentum of the electron in the final state (i.e. the internal product E-p), and
that the 7* orbitals are mostly perpendicular to the molecular plane while the o* are
mostly in-plane. From what stated before we can infer that the molecules lie flat on
the surface. Still it has to be pointed out that the 7* resonances are not suppressed for
the in-plane polarization, and the o* are also present in the out of plane polarization.
This was explained by Bidermane and coworkers [10] who simulated the NEXAFS
spectra and found a similar result. They assign it to the non-planar geometry of the
molecule, rather than to a non-planar geometry of the film. These results confirm
what was measured by XRD and by STM, who show that the molecules lie flat on
the surface.

4.2 Reactivity Towards Oxygen

The reactivity of the molecular thin films towards oxygen has been tested by means
of different spectroscopic techniques and in a variety of pressure conditions, rang-
ing from UHV to NAP, to ambient pressure, and temperatures ranging from liquid
nitrogen to room temperature. The gas-sensing devices based on a LuPc; or on Pcs
in general are known to work by gases permeation in the film, which leads to the
creation of deep trap states that block charges and reduce conductivity [113]. It has
to be pointed out, however, that most of the samples used for this kind of devices
was prepared with the Langmuir-Blodgett method, which is a way faster deposition
method respect to the thermal evaporation used to prepare thicker films. Most likely
there are not as well ordered as the ones prepared by thermal evaporation. Passard
and coworkers [113] studied the oxidation behaviour of LuPcs molecular films when
exposed to strongly oxidizing gas (namely NO3 and Bry). They showed a drastic de-
crease in the conductivity which they ascribed to the reduction of available sites for
the hopping process, and the creation of deep trap states. Further details of the even-
tual reactivity of the molecules upon oxygen are missing.

The reactivity of the molecules upon exposition to oxygen was studied in different
regimes. We first investigated the reactivity to a "high" dose of oxygen and water
separately by means of Near Ambient Pressure (NAP-) XPS. This was performed
at the SPECIES beamline at MaxLab on a LuPc; film a few nm thick deposited on
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FIGURE 4.5: XPS spectra of the N 1s peak of LuPcy/Au(111) during

and after exposure to water (left) and oxygen (right) in the Near Am-

bient Pressure regime. a)pristine LuPc; film, b) during oxgygen dose,
c) after oxygen has been pumped out.

Au(111). The results are shown in Figure 4.5. The gaseous oxygen peak was indeed
present in the measurement during the dose, but after evacuation of the chamber no
peak was left, as shown from Figure 4.5. Notably Oxygen region is composed by
two peaks due to the multiplet interaction. Moreover no changes were seen in the
N 1s and C 1s and Lu 4f peaks during or after the dose (only nitrogen is shown).
Only a rigid shift of 0.2 eV is seen, which is probably due to the surface potential,
which is different for a molecular layer in contact with vacuum and in contact with
(near) ambient pressure gases. This leads to two possible explanations for the work-
ing principle of the gas-sensing devices. First hypothesis the oxygen that was able
to penetrate through the porosity of the organic layer was also able to escape when
pumped. This means that the process is fully reversible of in UHV, or at least below
the detection range of a typical XPS measurement, i.e. below 1% atomic density at
the surface. Another hypothesis is that even the (relatively) high pressure allowed
in a NAP-XPS experiment (tens of mbar) was not sufficient to completely bridge the
so-called "pressure gap", which is the assumed difference between a typical surface
science experiment that takes place under UHV and the real conditions in which a
material will operate. This represents the difficulty but also the necessity of translat-
ing the typical surface science experiments to devices operating in real conditions.
To increase the sticking coefficient we tried to expose to pure oxygen at low tem-
perature. The experiment was performed on the D1011 beamline at Max Lab. The
sample was prepared by thermal deposition of LuPc, on a freshly cleaned, herring-
bone reconstructed Au(111). It was cooled down to ~90 K in a cryostat filled with
liquid nitrogen. Temperature was read on a thermocouple placed on the back of the
sample. The results of the exposition to different oxygen doses are shown in Figure
4.6. The first evidence is the uptake of oxygen, as demonstrated by the XPS peak
of O 1s. This means that the oxygen sticking coefficient becomes non-negligible at
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FIGURE 4.6: XPS spectra of LuPcy/Au(111). C 1s (left) and N 1s (cen-
tre) and O 1s (right) before (a) after 3600 L (b) after 90000 L (c) of
oxygen at 88 K, and after heating up (d) at room temperature.

this temperature. Looking at the C 1s and N 1s spectra the insurgence of a shoulder
at higher binding energy is seen after the first dose (3600 L, 1 L = 1x107 tor x 1
s), which grows with increased dose. After heating up to RT oxygen is removed,
and the two spectra of C and N 1s are perfectly superimposable to the ones relative
to the as prepared sample, showing the reversibility of the adsorption process. It is
important to note that the O 1s peak after the first dose is asymmetric, with a tail
at higher BE, while after the second dose it is shifted at higher BE, as evidenced by
the vertical line in the figure. The resolution of the single components did not give
any conclusive result due to the wide and varied amount of reference available in
literature, with FWHM variable between 0.5 eV and 1.8 eV for similar systems. In
principle it is possible to say that at least two components are present, one at lower
BE, most visible after the first dose, which is relative to oxygen molecules adsorbed
directly on the molecular layer, and a second one, at higher BE due to multilayer
oxygen, which drastically increase after the second oxygen dose.

Further information on the oxygen adsorption can be obtained from the analysis
of the XPS C 1s and N 1s spectra. The fitting results for the C 1s and the N 1s are
shown in Figure 4.7 (1) and (2) respectively, and summarized in table 4.3 and 4.4. We
already discussed the results on the clean sample. Here the fitting parameters have
been kept constant from the ones used for the clean molecule 4.1, only adjusted due
to the different resolution obtained on this beamline. Also the difference between
the first peak (composed mostly by benzenic carbons) and the second one (due to
the shake-up and the pyrrolic carbon) is not resolved due to beam damage. This has
been taken into account by an asymmetry in the peaks of the two carbons.

After the oxygen dose in both C 1s and N 1s spectra a new component is found, at
286.5 eV and 399.6 eV respectively. Interestingly the component on the C 1s spec-
trum is less intense than the one on the N 1 spectrum respect to the first peak (all the
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FIGURE 4.7: Fitting results on the C 1s (left) and N 1s (right) peak for
the clean LuPcy /Au(111) film (a), after 3600 L (b) and after 90000 L (c)
0O, at 88 K.
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TABLE 4.3: Peak fitting parameters of the N 1s spectra including BE,
Area (normalized on the first peak) and FWHM.

Peak Position (eV) FWHM (eV) Area
Clean

N 1s 398.15 0.95 0.93

N 1844 399.08 1.30 0.32
After 3600 L Oy

N 1s 398.15 0.95 0.93

N 1sgp 399.08 1.30 0.29

Additional 1 399.65 1.01 0.19
After 90000 L O9

N 1s 398.15 0.95 0.91

N Isgp 399.07 1.30 0.35

Additional 1 399.57 1.10 0.29

Additional 2 401.23 1.30 0.06

TABLE 4.4: Peak fitting parameters of the N 1s spectra including BE,
Area (normalized on the first peak) and FWHM.

Peak Position (eV) FWHM (eV) Area
As deposited
Crens 284.26 0.82 1.33
Chenz/sh—up 286.30 1.20 0.10
Cpyrr 285.38 1.10 0.35
Cpyr/sh—up 287.15 1.20 0.09
After 3600 L Oy
Crenz 284.26 0.84 1.36
Chenz/sh—up 286.30 1.20 0.09
Cpyrr 285.39 1.10 0.35
Cpyr/sh—up 287.15 1.20 0.09
Additional 1 286.57 1.20 0.06
After 90000 L O,
Crens 284.27 0.89 1.44
Chenz/sh—up 286.30 1.20 0.11
Cpyrr 285.34 1.13 0.35
Cpyr /sh—up 287.15 1.2 0.10
Additional 1 286.50 1.2 0.14
Additional 2 288.1 1.2 0.05

fittings have been performed on spectra that were normalized on the height of the
most intense peak). After the second dose both the components increase in intensity,
and in both spectra a second additional component is found, at 401.23 eV in the N
1s spectrum and at 288.1 eV in the C 1s spectrum.

The first additional component is referred to C (N) atoms that are close to the ad-
sorption site of the oxygen molecule. In the case of the additional component in the
N 1s spectrum the BE is too low to be associated with a C atom bound to an oxygen:
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FIGURE 4.8: Molecular orbitals of LuPc; as calculated by DFT (taken
from ref. [10](a)); Geometry of oxygen absorption on isolated LuPc;
molecule as calculated by DFT seen from side (b) and top (c).

the N-O bond is usually found at around 401 eV [6]. In this case the component can
be related to N atoms close to a carbonyl group, as in acrylamide [7] or in peptides
[27] or in some diamine [82]. In the case of the additional component found in the C
1s peak a direct C-O bond is found at similar binding energies [129, 126] in polymers
or small molecules. But in both cases no literature is present on similar systems. This
seems to point towards the adsorption of oxygen on top of one of the carbon atoms.
The intensity ratio acquired from the fit did not allow any additional conclusive re-
sult.

The chemical environment of the Lu atom has been investigated as well. The most
prominent peaks are the 4f, found at 9.5 eV, which shows no changes (not shown).
This was expected as the f electrons are close to the nucleus and therefore not reac-
tive. The 3d and 4d peaks have been analysed as well, but again no variations could
be evidenced (not shown). This is consistent with the results from the calculation
that Orti and coworkers [107] performed by DFT and that Rousseau[120] performed
by extended Hiikel method who both showed how the Lu does not have any role in
the formation of the frontier orbital of LuPcy. This was confirmed more recently by
the work of Bidermane et al. [10].

DEFT calculations were made by J. Liider and coworkers at the Uppsala University
(Sweden) on the interaction between the oxygen molecule and an isolated LuPc,.
They showed that the oxygen molecule adsorbs on top of one of the pyrrolic carbons,
as reported in Figure 4.8b),c). This is consistent with the calculation by Bidermane
et al. [10] shown in Figure 4.8a), who evidenced the higher charge density for the
homo state to be located on the pyrrolic carbon, and with all the known reactivity
for organic heterocycles such as isolated pyrrole, which is known to have most of its
charge density on the o carbon. This charge density is, of course, what drives the
absorption site for an electrophilic molecule as oxygen.

From the analysis of the XPS data, coupled with DFT calculations we can infer that
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FIGURE 4.9: NEXAFS spectra of LuPcy/Au(111) on the N K-edge be-

fore (a), and after 90000 L (b) (top) of oxygen at 88 K; serie of NEXAFS
spectra taken during the desorption process (bottom).

the oxygen mostly adsorbs on top of the pyrrolic carbon. However the formation of
a chemical bond between the C atom and the Oy molecule is ruled out due to the
low binding energy of the additional peaks and to the low desorption temperature.

The NEXAFS spectrum is shown in Figure 4.9 top. After oxygen exposition three
effects are evident on the spectra: first the dichroism is maintained, meaning that
the oxygen dose and the possible oxygen permeation do not influence the molecular
orientation or molecular geometry. Second the intensity of the second 7* resonance
increases after the first dose, and increases further after the second, up to an inver-
sion with respect to the first resonance. Also a third resonance appears at 399 eV as
a shoulder after the first dose, and is resolved as a separated peak after the second

dose. No changes are seen in the region of the o* resonances. The desorption process
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FIGURE 4.10: Zoom on the 7* transitions for the pristine LuPc,

molecule a), after a 3600 L oxygen dose b) and after a 90000 L dose

c)(left); the energy levels involved in the 7* transitions, the arrow size
is proportional to the transition intensity (right).

was roughly followed via NEXAFS on N K-edge, taking spectra at defined tempera-
tures. The results are shown in Figure 4.9 bottom. The two parameters used to follow
the desorption are the relative intensities of the first two 7* resonances and the dis-
appearance of the additional resonance. It is evident that already at -88°C oxygen is
desorbed from the molecule. This is a strong evidence for a weak physisorption, and
a weak bond between the adsorbate and the molecule. This confirms the XPS results
that no chemical bond is formed between the phthalocyanine and the O, molecule.
In figure 4.10 left a zoom on the 7* transition is shown. From here it is appar-
ent that the variation in the relative intensity of the two transitions is related to the
oxygen dose, as it starts already from the first dose, and increases drastically af-
ter the second dose. The same can be argued for the additional component. The
nature of this component is tentatively explained in Figure 4.10 right and assigned
to a new 7* transition. After oxygen absorption the degeneracy between the four
pyrrolic N is lifted, leading to the one which is closest to the oxygen molecule and
more strongly influenced, and in particular charge depleted. This leads to a new
transition N,; — 7* which is shifted by 0.8 eV from the first transition. It has to be
pointed out that in the XPS measurement the ABE between the peak relative to the
unreacted specie and the new component found was 1.4 eV. This discrepancy can be
explained with the different screening modes in XPS and NEXAFS: in the first one
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FIGURE 4.11: NEXAFS spectrum of LuPcy/Au(111) at the O K-edge
taken after exposition to 90000 L O, at 88 K.

the electron is ejected from the molecule, while in the latter it is promoted but not
removed, therefore still providing some screening to the core hole, and leaving the
final state in a less energetic configuration [132]. The variation in the intensity ratio
between the first and the second 7* resonance is seen only in the in-plane polariza-
tion. This, coupled with the absence of effects on the C K-edge spectrum (not shown)
is a proof that the variation is not to be ascribed to a further doming of the molecule,
as this would also have effects on spectra taken with the perpendicular polarization
and on the C spectra as well. Instead as the contribution of the two different N atoms
(pyrrolic and azabridge) is separated only in the inplane polarization the increased
intensity is thought as a charge depletion from the azabridge nitrogen (the NEXAFS
cross section is proportional to the density of empty states for the final orbital).

In Fig.4.11 NEXAFS spectrum of oxygen collected with a polarization angle of 30°
with respect to the surface sample is shown. It is composed by two 7* resonances
at 531.2 eV and at 535 eV and a larger o* transition at 539 eV. The first important
information to be extracted from this spectrum is that the possibility of adsorbing
residual water on the molecule can be ruled out. The fact itself was unlikely due to
the careful purification of the gas line used to dose oxygen in the chamber by baking
and repeated purging with O,. Also low residual vapour pressure in the chamber
(in the 10 ~!mbar regime), and mostly due to hydrogen would not allow a large
quantity of water to adsorb on the surface on the timescale of the experiment and

the water formation reaction H2+102=H20 is unfavourable at such low tempera-
ture and without a catalyst [37], but the absence of the characteristic feature of HoO
in the spectrum is the definitive proof. It has to be noted that the first peak might
be due to o* resonances from different oxygen atoms, as its FWHM is larger than
the one reported in literature for sorbed oxygen [132, 115], and 7* resonances do not
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shift of more than 1 eV from chemi- to physisorbed phases. The o* resonance instead
has been well studied for single and multilayer Oz on Pt(111) by Stohr [132]. It was
found that oxygen chemisorbed on Pt(111) gives rise to a 7* resonance at 535 eV,
while physisorbed oxygen was found at 539.2 eV and the multilayer at 540.1 eV.
Moreover they showed that multilayer oxygen tends to adsorb with the molecular
axis inclined of 15° respect to the surface, this means that in the chosen geometry,
the 7* resonance due to the multilayer is evidenced. This, as well as the data that
shows oxygen dissociation to begin at 150 K on Pt(111) [37] confirm the hypothesis
that the reactive specie was Oy, not O3 or atomic O. Also it corroborates the hypoth-
esis of oxygen physisorption on LuPc; at low temperature. On Pt(111) it was found
that the chemisorbed phase can transform in the physisorbed upon heating at 150 K
which is not the case on the molecular layer. This again shows the weakness of the
LuPcy-Os interaction.

The charge transfer towards oxygen is apparent from the shift towards lower PE of
the o* resonance by 3.8 eV. This shift can be associated to a lengthening of the bond
distance between the two oxygen atoms (from 1.21 & 0.05 A to 1.39 4 0.05 A) which
is due to the charge donation to an antibonding orbital, et therefore a reduction of
the bond order (calculated as:

#of electrons in bonding orbitals — #of electrons in antibonding orbitals
2

From all the set of experiments carried out on oxygen exposure, we can say that
molecular oxygen adsorbs on LuPc; at low temperature with a weak physisorption,
and the process being reversible by heating up to RT. Combined XPS and NEXAFS
inform that the molecule is found to absorb on top of the pyrrolic carbon, where
the highest SOMO density is located. A charge transfer is seen towards the oxygen
molecule which mostly influences the LUMO states located on the pyrrolic nitro-

gens, but do not alter the molecular structure.

4.3 Reactivity Towards Water

The reactivity of LuPcy thin films towards water in close to operando conditions
have been tested at the SPECIES NAP-XPS beamline in Max-Lab. The thin film (43
nm) has been exposed to pure water at 1 mbar at room temperature. The results
are shown in Figure 4.12. No residual oxygen peak has been detected by XPS and
NEXAFS after pumping out the water, testifying once more to the low reactivity of
the molecules. The only change is a rigid shift of 0.2 eV of all the core levels during
water exposition. The shift is reversible as the initial BE is restored after pumping
out the gas. This has been assigned to a surface potential effect, which is different
for a molecular film/vacuum interface and a molecular film/water interface. Ex-

posing to water at low temperature (T=-114°C) instead led to water condensation
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FIGURE 4.12: XPS spectra of LuPcy/Au(111) exposed to water. The N
1s (right) and O 1s (right) before (a), are shown during and after the
H»0 exposure.
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FIGURE 4.13: XPS spectra of LuPcy/Au(111) exposed to water. The C
1s (a) N 1s (b) and O 1s (c) are presented before and after the exposi-
tion to water at T=100 K.
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FIGURE 4.14: NEXAFS spectra of the O K-edge after the dose and
after desorption.

and adsorption on the surface, as shown by the presence of the O 1s peak in the XPS
spectrum (see Figure 4.13c). However this did not modify the C 1s and N 1s XPS
(Figure 4.13a;b)) or NEXAFS spectra (not shown). The desorption has been followed
by XPS as shown by the progression of the spectra in Figure 4.13. Note that the oxy-
gen 1s peak was not calibrated in BE due to a lack of linearity of the retarding lenses
in the XPS analyser, that makes it impossible to calibrate two peaks that are far apart
from one another. It is possible to see from Figure 4.14b that the oxygen peak after
the desorption is asymmetric. We ascribe this to the presence of two different com-
ponents: the higher binding energy one has been assigned to the residual water mul-
tilayer (which was found to be at 531 eV by Ogasawara and coworkers [106] while
the lower BE one was assigned to water adsorbed on the molecular layer. The ad-
sorption of water on the molecular layer is likely to cause a charge transfer from the
organic layer to the adsorbate molecules, which is clearly seen on the oxygen peak.
It is, however, probably too small to be seen on the core levels of the elements in
the organic layer due to the low resolution (nominally between 0.03 eV and 0.16 eV,
probably lower due to the high pass energy). A further indication can be obtained
by the NEXAFS on the O K-edge shown in Figure 4.14. Right after the adsorption
three strong features are seen at 535 eV, 537 eV and 542 eV. The water NEXAFS spec-
trum is usually analysed in terms of three regions: the pre-edge region centred at
535 eV caused by broken or weakened H bonds, the edge region centred at 537 eV
linked with the presence of interstitial water molecules, and a post-edge region start-
ing from 541 eV which is usually associated with ice formation[52]. After the second
desorption, however, the ice multilayer is almost completely removed, but a com-
ponent arises that was buried below the pre-edge. As discussed before this might
arise from a strong H bond acceptance. This is indeed possible, as the phthalocya-
nine molecules are indeed H rich in the benzene area, and in general electron rich

due to the 7 conjugated system. Nevertheless due to the combination geometry of
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FIGURE 4.15: XPS spectra of the sample after exposition to air. O 1s
(left); C 1s (centre); N 1s (right) after exposition to air (a); pristine
sample (b).

FIGURE 4.16: STM image of the LuPcy/Au(111) sample after exposi-
tion to air and annealed to 280°C; V=-3 V; I=300 pA.

the frontier orbitals the unoccupied states are particularly sensitive to "donated" H
bonds [52], and, moreover, a donated H bond sufficiently strong to provoke a shift
of 2 eV is unlikely not to have caused any change in the N 1s and C 1s chemical
environment. Instead component was signalled as belonging to O in the gas phase
[111], or to H2O again in the vapour phase [125]. This is probably due to the proxim-
ity to the desorption temperature, which led to a sufficiently high vapour pressure
in the proximity of the sample.

In conclusion, we can say that water does not stick on the sample at room temper-
ature, while it does at low temperature. However the influence on the electronic
structure of the molecular film is low, with a small charge transfer from the molec-
ular film to the water molecule which does not influence the core electron of the
molecule. However, at relatively high pressure the water atmosphere on top of the
sample can generate a surface potential, which leads to a rigid shift in the energy

levels, which has to be taken into account when designing devices.

4.4 Reactivity Towards Air

An analysis of the effect of air exposition has been carried out. The clean sample has
been taken out from the vacuum chamber and analysed after a few days of air expo-

sition. The spectra after reinsertion in the vacuum chamber are shown in Figure 4.15,
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compared to the one for the clean sample. There is a visible variation in the shape
of the C 1s spectrum, while no changes are seen on the N 1s. It is important to note
the difference between the shape of this C 1s spectrum and the one obtained after
oxygen adsorption at low temperature. Both present an additional component, but
in the case of the sample exposed to oxygen at low temperature it is found at higher
binding energy, while in this case the binding energy is 285 eV, which has often been
reported as due to amorphous carbon contamination [39]. Nonetheless oxygen is
present on the sample, as demonstrated by the O 1s peak. This probably means that
the oxygen atoms have penetrated in the pore of the layer. This is known to be one
of the most important factors in reduction of the conductivity in organic thin films
due to the creation of deep trap states [113] (see section on degradation). However
an annealing to 250+25°C for 10 minutes is enough to remove all the contaminants
(while leaving the sample thickness unchanged, as measured from the ratio between
the Au4f and C 1s peaks). Also after this kind of treatment the surface was almost
perfectly restored, as shown from the STM image shown in Figure 4.16. Still it was
not possible to stabilize the tip on the sample, even after several days of working,
meaning that probably a form of mobile contamination is still present on the surface
of the sample.

In conclusion, these molecules present little to no reactivity when exposed to the at-
mosphere, or at least the process is reversible in UHV after a short annealing. Also it
has to be remembered that XRD was performed on samples exposed to air for some
days, and no drastic changes were seen on the expected structure.

4.5 Reactivity of LuPc,/Si(100)

The effect of the substrate has been tested by studying the reactivity of a molecu-
lar film deposited on 2x1-Si(100). The adsorption of the molecules on Si(100) has
recently been studied by Bidermane and coworkers [9]. They showed a strong inter-
action between the substrate and the overlayer bends the underlying phthalocyanine
ring to form Si-Cpey,zenic Weak bonds. By using a reactive substrate instead of the un-
reactive Au(111) surface, the permeation of gases through the molecular layer and
the reactivity of the buried interface can be studied. This second observation in par-
ticular is of great technological interest, as one of the most important degradation
factors for organic devices (in particular organic solar cells) is the oxidation of the
anode or cathode contacts at the interface with the organic layer. At the moment a
strong encapsulation with a protective layer is needed to protect the anode as well
as the organic layer from the oxidation, indeed coupling the active layer and the en-
capsulating layer would be of great interest.

The Si(100) substrate was thoroughly outgassed at 500°C, until the base pressure
was recovered, and then flashed at 1050°C in a pressure better than 10~ mbar for 3
times (the temperature was read by a pyrometer). As we already demonstrated the
low reactivity of molecular films composed by double-decker phthalocyanine, the
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FIGURE 4.17: left: XPS spectra of the N 1s peak as deposited (a), after

27000 L O (b) and after air exposition. right: Si 2p spectrum of the

clean sample (a), after LuPc, deposition (b), after exposition to air (c)

and a thermally oxidized sample for comparison (d). References for
the Silicon oxides BE are taken from ref.[41].

next step should be to protect the metallic electrode from oxidation. Therefore we
deposited a thin film (3+£0.3 nm) and investigated the reactivity of the underlying
substrate as well as the one of the molecular layer. The film is defined "thick" as the
signature of the Si-molecule interaction, i.e. the broadening of the C 1s spectrum
and the shift in the N 1s, are not seen, meaning that the largest part of the signal
does not come from molecules in contact with the substrate. We exposed the sample
to different gas doses and analysed the reactivity of both the organic layer and the
interface. The first exposure was to 27000 L of Oy, i.e. 5% 1079 for 5400 seconds at
room temperature. It has to be remembered that a layer of molecules adsorbed on
gold did not show any reactivity at room temperature for a similar or even higher
dose. The same stability of the film is found here, as no oxygen peak is evidenced.
This is an interesting result, as it means that no oxygen penetrated the molecular
layer. Also no components due to oxidized species are present in the Si 2p spectrum.
To further test the efficiency of our protecting layer, the same sample has later been
removed from vacuum, exposed to atmosphere for 60 seconds, and then reinserted
into the vacuum chamber. The results are shown in Figure 4.17. This time the oxy-
gen peak is indeed present as well as a strong peak due to oxidized silicon in the
Si 2p spectrum. The BE position of the different components of Si was assigned fol-
lowing the work by Dreiner et al. [41]. It is possible to see a stronger intensity of the
component relative to a Si*t which is the oxidation state usually found at the in-
terface between the substrate and the oxidizing agent (in this case air) with respect
to the components of Silt, which are found at the interface between SiO» and Si
due to the higher diffusion coefficient of O with respect to the diffusion coefficient
of Si in SiO,. This tells us that the oxidation of the substrate is mostly limited by
the diffusion of oxygen (or water) in the substrate rather than from the diffusion of

oxygen in the molecular layer. The N 1s peak instead show no modification; the C



4.6. Conclusion 99

peak is not reliable as it shows different components probably due to carbon present
in the atmosphere which is adsorbed on the surface. This is a strong proof that air
at room temperature and ambient pressure is able to penetrate in the organic layer
and react with the substrate. The reaction can be understood in terms of film mor-
phology. It was shown by Boudet [12, 13] that molecular layers deposited on bare
Si(100) grows by clusters, after a first wetting layer. This kind of structure is prob-
ably highly porous and allows the penetration of oxygen and water in the layer.
Also the wetting layer is probably disordered due to the strong interaction between
the molecules and the substrate, as shown later by Bidermane et al. [9] This leads
to disordered agglomerates, which leaves the possibility for the surface atoms to
react with oxygen even after the formation of the C-Si bond. Moreover this again
remembers us the limits of surface science UHV based studies when dealing with
real devices, the so-called "pressure gap".

4.6 Conclusion

The reactivity of LuPc; thin films deposited on noble metal and semiconducting sur-
faces towards different gases have been investigated. The film itself is remarkably
stable, not showing any changes after exposure to "high" partial pressure of water or
oxygen. Even after being exposed to air no changes are seen, and the contaminant
can be removed with a mild annealing to recover the clean surface.

By cooling down the sample at 90 K instead molecular oxygen is weakly physisorbed
on the surface, and able to modify the molecular orbitals of the molecule. The cen-
tral atom is not reactive, due to the protection from the macrocycle, while reaction
takes place on the a carbon. Also at this low temperature water can condense on the
surface, but it has been shown to be unreactive.

When deposited on more reactive surfaces, with a different absorption chemistry
which leads to a different absorption geometry, the molecules are still unreactive,
but unable to protect the substrate from a reaction as it has been shown on Si(100).
The reactivity of LuPc; thin films have been studied towards different gases and in
a variety of conditions. Exposition to gas at room temperature did not show any
influence on the molecular layer even at relatively high pressure: both oxygen and
water do not stick on the surface and no traces left are seen after pumping the gas
from the chamber. The only effect is a change in the surface potential seen in an
atmosphere of 1 mbar of pure water, which might be due to the electrostatic differ-
ence between the molecule vacuum and the molecule-gas interface. Cooling down
the surface indeed increase the sticking coefficient for gases, which condense on the
surface. Water, which is usually the most reactive gas in the atmosphere does not re-
act with the molecular layer. Also LuPc; were proved to be unreactive to air at room
pressure, as exposition to air for a few days did not alter the molecular structure, and
only deposited a contamination layer that was easily removed by annealing under



100 Chapter 4. Results: Reactivity

UHYV making of this kind of double-decker phthalocyanine very robust charge carri-
ers. Instead exposition to air at ambient pressure was able to oxidize the underlying
Silicon substrate, showing that the molecular layer is not able to act as a protective
layer.

Water condenses on the surface below -114°C, but no effect is seen on the molecular
layer. Oxygen instead condenses on the surface below 88 K with a weak physisorp-
tion, which is completely reversible after heating up to RT. No chemical bonds are
evidenced between molecular oxygen and the molecular layer. Instead a strong
charge transfer is present, which drives the adsorption of molecular oxygen on top
of the pyrrolic carbon. Nonetheless the core levels of N atoms are most concerned,
probably due to an internal charge reorganization which mostly influence the LUMO
states, which are localized on the N atoms.
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Conclusions

In this thesis work we showed our progresses on the description of the structure of
thin molecular films of double-decker phthalocyanine and their reactivity, or, better,
their stability. We studied the structure of the film by a combined local and aver-
age approach, by means of STM and different diffraction techniques. The reactivity
instead was investigated by means of synchrotron based spectroscopy techniques:
HR-XPS and NEXAFS. The objective of this section is to summarize the results we
obtained and present them in a clear and concise way, and to give some ideas on

how to proceed in the study of the organic/inorganic interfaces.

5.1 Structure of the Thin Film

The structure of double-decker phthalocyanine has been described by means of
GIXD. We showed that the molecules when deposited on non-interacting substrate
(H terminated Si(100)) create a mostly amorphous film, with small crystallites adopt-
ing the 7 structure with the molecular axis almost perpendicular with respect to the
substrate surface. On slightly more interacting substrate as noble or transition metal
surfaces they tend to lie flat adopting at first the o structure which is then trans-
formed in the g after annealing. In both cases the molecules are lying with the
molecular plane parallel to the surface. The substrate was demonstrated to have
a further influence on the molecular layer. The unit cell of the molecular lattice is
aligned on one of the close-packed directions of the Au(111) surface. This is due to
the van der Waals interaction between the molecule and the substrate. Also a small
charge transfer is present, which leads to a relaxation in the herringbone reconstruc-
tion.

The surface morphology was investigated with a local microscopy approach by
means of STM. For a film a few nm thick deposited on a sample kept at room
temperature the surface is disordered, composed of bubble-like corrugations. It
gets more ordered with increasing annealing time and temperature, going from a
disordered dispersion of molecules to ordered islands on flat terraces coexisting
with little disordered molecules. The terraces are composed by a double layer of
molecules, probably due to the high molecule-molecule absorption energy, which

leads to a favourable stacking. The molecular out of plane stacking has been shown
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to be led by a minimization of the electronic repulsion between the electrons in the
highest molecular orbitals. However at least two different configurations have been
shown to coexist: one with the two facing phthalocyanine rings (the lower from the
molecule on top, and the upper from the underlying molecule) are in the eclipsed
position, which is probably favourable due to the geometry of the SOMO. In the
second configuration the two macrocycles are in a staggered position. The first con-
figuration seems to be the preferred one. The in-plane stacking has been resolved
as well, and the mutual relation between molecules belong to different domains is
evidenced. It was shown that the minimization of the interaction can come from
the upper or the underlying phthalocyanine ring. The two configurations are not
equivalent as the two rings are not rotated of exactly 45°.

5.2 Molecular Reactivity

The reactivity of LuPcy thin films deposited on noble metals and semiconducting
surfaces has been investigated by means of different synchrotron based spectro-
scopic techniques: XPS and NEXAFS. The molecules present an exceptional stability,
not displaying any reactivity at room temperature, when exposed to "high" partial
pressure of water or oxygen. In fact no traces of oxygen are evidenced when the gas
is pumped out. This means that either no reaction takes place either the reaction is
perfectly reversible in UHV. The only variation is a change in the surface potential,
due to the difference in the electrostatic processes between the molecule/vacuum
and the molecule/gas interface. Even when exposed to air at room temperature and
ambient pressure no changes are seen in the molecular electronic structure. Only
a contamination from carbonaceous species, most probably absorbed from air is
present on the surface, and is easily removed by means of a mild annealing. In-
stead, when deposited on a reactive semiconducting surface (5i(100)) the substrate
is fully oxidized upon exposition to air at ambient pressure, as the molecular layer (a
few nm thick) is not able to screen the substrate from the interaction with the gases.
However the electronic structure is still preserved.

The molecules, however, did show some degree of reactivity when exposed to gases
at low temperature. Water condenses on the surface at -114°C, but no effects are
seen on the molecular layer. Oxygen instead condenses on the surface at 88 K with
a weak physisorption. The process is completely reversible under UHV when the
sample is heated back at room temperature. No chemical bonds are evidenced be-
tween the molecular layer and the adsorbed oxygen. Instead a strong charge transfer
is present, which drives the adsorption of molecular oxygen on top of the pyrrolic
carbon, as expected from DFT calculations and from the known reactivity of the pyr-
role. Nonetheless the biggest effect is seen on the LUMO relative to the pyrrolic N
atoms, probably due to an internal charge rearrangement after interaction with oxy-
gen, which withdraws charge density from the LUMO, which is mostly localized on
the pyrrolic nitrogen atoms. It is important to note that in all the above experiments
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no changes have been seen on the Lu 4 f or 3d or 4d orbitals.

5.3 General Conclusions and Perspectives

From what stated above double decker phthalocyanine present a very low reactivity,
and in particular under all the conditions no reactivity is evidenced on the central
atom. This is due to the low contribution of the central atom atomic orbitals in the
formation of the frontier orbitals of the molecule. Moreover the double decker ge-
ometry can act as a protection for the central atom. This is particularly important
in the case of molecular magnets, where the magnetic properties mostly come from
the central atom, making REPc; a potential candidate for this kind of applications.
However it would be interesting to see if for example adsorption of a paramagnetic
molecule as oxygen might lead to a magnetic coupling with the f electrons of the
RE cation. It has to be pointed out anyway that, if an application in devices is to
be expected easier and cheaper solutions have to be found, as the synthesis is still
complex, and RE are expensive. In this direction we would like to point out our con-
tribution showing the low contribution of the central atom in the reactivity of the

molecule, allowing for a change towards a less expensive family of Pcs.
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Appendix A

Beam Damage

X-ray and UV light are known to be ionizing radiations, due to the fact that, opposed
to Visible light or Infra Red they are able not only to excite transitions in the shined
material, but also to excite photoelectrons, i.e. give enough energy to an electron for
it to escape from the material. The energy of these electron depends of course on
the energy of the incident photon and on the Binding Energy of the excited electron,
therefore they can range from a few eV in an Ultraviolet Photoelectron Spectroscopy
(UPS) to thousand eV in XRD experiments.

Another important font of damage is of course the direct irradiation with electron
beams, as in the case of LEED or Inverse Photoemission Spectroscopy (IPS). Again
in this case electron with kinetic energies ranging between 0-200 eV interact with the
sample. Interestingly it has been shown that the two phenomena (x-ray illumination
and subsequent photoelectron creation, and direct irradiation with electron beams)
produce the same kind of damages on thiolate Self Assembled Monolayer [63]. Hol-
lenshead and coworkers [64] however found that the most important mechanism for
carbon deposition under irradiation is not the secondary electron absorption, but di-
rect photon absorption.

A.1 Parameters influencing beam damage

Here the most important parameters influencing beam damage are listed.

e Temperature: Probably the most important factor leading to beam damage is
the local heating of the sample [42]. This is particularly a problem in organic
sample, as they have melting points way lower respect to most inorganic ma-
terials. In particular it is important to remember that, even if the sample tem-
perature is constant, locally it might be larger, as it depends on the thermal
conductivity of the sample, which is low for organic materials. It has to be
pointed out however that Leontowich demonstrated how an intense, high en-
ergy electron beam was not able to heat a sample more than °C, as measured
by the melting point of stearic acid [83], meaning that even the local tempera-
ture variation might be low under irradiation. One of the techniques used to
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avoid beam damage is cooling the substrate below 0, this reduce atoms mobil-
ity on the surface, and therefore the mobility of the radical. Still it was shown
that although it can prevent mass loss from the sample due to evaporation of
low molecular weight fragments, once the sample is again heated up to room
temperature mass is indeed lost. Therefore lowering the temperature is only a

temporary solution.

Energy: Leontowich and coworkers [84] studied the beam damage in several
different polymers by irradiation with energies above, below and exactly at
the C 1s ionization threshold. They found no influence of the beam energy
on the damage rate. However they pointed out that many discording studies
have been published, on different absorption edges (O, N, C), as this might be
very material dependent. Meents and coworkers [97] have demonstrated by
means of XRD that under radiations molecular bonds can be lengthened. The
increased atom separation might lead to stress that in turns leads to cracks in
the organic material. Also the lengthening might be high enough to lead to a
straight bond breaking.

Direct Radiolysis: The biggest problem anyway is still the radiolysis. When
the electrons are excited the subsequent de-excitation might lead to a broken
bond in the molecule. In this case it seems that densely packed molecular lay-
ers are more resistent to beam damage due to a larger delocalization and a
faster decay of the excited state [53]; Another important process is the H™ ions
removal, the C-H bond is particularly prone to be cleaved by photoelectron
absorption due to the possibility of resonant excitation of vibrational modes
[2]. This might lead to cross linking [157], as is currently employed to prepare
negative photoresists [139]. Or instead might lead to the creation of larger
ionic molecules (usually C;H,) that might migrate and react [67]. Another
important feature is the presence of etheroatoms can lead to to a preferential
cleavage of the C-X (where X is not necessarily an halogen, but only a more
electronegative atom) [63]. This is directly related to the composition of the
volatile components that are removed. Another phenomena caused by beam
damage is the polymerization of hydrocarbons presents on the surface. This is
mostly seen in sample not prepared in situ but also the presence of fragments

coming from the specimen can start the polymerization.

Material dependence: Conjugated compounds have been demonstrated to be
less sensitive to beam damage respect to aliphatic ones [104]. This is probably
due to the stabilization energy provided by the delocalized electronic shell,
which allow to dissipate the energy accumulated due to the scattering events
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between more atoms.

e Substrate: Interestingly the substrate can have contrasting effect. It is indeed a
source of a lot of secondary electrons, but it might also stabilize the overlayer.
The excited states generated in the molecules of the overlayer by the photo-
electron absorption can be quenched by the image potential generated by the
substrate, leding to less beam damage in molecules closer to the interface [136].

A.2 Data

Following here our data on the beam damage on LuPc; thin films are presented. As
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FIGURE A.1: Evolution with time of the diffraction peak relative to
the (200) plane of a =3 nm thick LuPc; thin film deposited on Au(111),
and linear fit of the decrease.

explained it is widely known that x-rays might damage organic layer. In particular
we measured the beam damage on a + 20nm thick LuPcy thin film deposited on
Au(111) exposed to a 11 keV beam with a flux of 3x10'2 photons on a 30x30 pm?.
The parameter we monitored was the by the decrease of the diffraction peaks due to
the organic layer with time. The results are shown in Fig.A.1 (the signal of the clean
gold in the same condition was subtracted as a normalization. The reduction of the
intensity is 10% in an hour, but never disappeared. Even after irradiating at higher
temperature, up to 300°C the structure peaks were still found.

Under prolonged beam exposition molecular desorption can be observed, as shown
from Figure A.2 where the water quantity greatly decreased after half an hour of
measurement on the same place. The decrease of the component relative to the o*
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FIGURE A.2: XPS spectrum of a 3 nm thick LuPc; thin film de-
posited on Au(111) after measuring for half an hour (a) and on a fresh
spot (b).

transitions of the disordered ice layer is clearly seen. This is most likely due to the
local heating due to the beam, which leads to the evaporation of the ice layer de-
posited on top of the sample. Note that the BE of the spectra in Figure A.2 could
not be calibrated due to a lack in linearity of the retarding lenses in the analyser,
which causes the KE measured by the analizer to be irreproducible under certain
conditions. In Figure A.3 it is possible to see the C 1s spectrum of a LuPcy sample
+3nm thick deposited on Au/Mica. It is evident from the comparaison between the
undamaged spectrum (a) and the damaged spectrum (b) that a loss of resolution is
apparent: the first peak in (b) is larger, especially at lower BE. Also the valley at 285
eV which separates the first two peaks in the undamaged spectrum, disappears in
the second. This is most likely due to the insurgence of a new component due to
amorphous carbon. From the ratio between the first peak (mostly due to the ben-
zenic C) and the second peak (due to the pyrrolic C) it is impossible to tell which
part of the molecule was more prone to undergo beam damage. As the N peak (not
shown) did show no variations we can argue that it is unlikely that the C-N or Lu-N
bonds were broken, and it is possible to speculate that it is the benzene moyeties that
broke under the beam. This can be understood by thinking of it as one side chain in
polymer molecules, being at the periphery of the molecule it possesses less way to
dissipate the energy absorbed under upon irradiation

. In Figure A.4 the C 1s spectrum of a sample after different irradiation doses are
shown. It is clear that already in the first spectrum a component at 285 eV is present,
that is assigned to amorphous carbon generated by the beam damage. It is interest-
ing to see how after prolonged exposition the intensity of the component varies only
slightly, meaning that a plateau in the beam damage is reached.
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FIGURE A.3: C 1s XPS spectra of a LuPc, sample £3nm thick de-

posited on Au/Mica. The spectra taken moving the sample every 30
seconds (a) and after measuring 4 minutes on the same spot(b).
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FIGURE A.4: C 1s spectra of a LuPcy; £1 nm thick sample deposited
on Au(111) after 2h irradiation (a), after 5h irradiation (b) and after
10h irradiation (c).
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