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Zusammenfassung

In der vorliegenden Arbeit wurden die Wechselwirkungseigenschaften, das
Wachstumsverhalten und die Orientierung von Ubergangsmetallphthalocyaninen
(TMPcs), insbesondere von perfluoriertem FePc (FePcFis) und (BN-) Nanogra-
phenmolekilen in dinnen Schichten sowie an verschiedenen Grenzflachen aus-
fuhrlich untersucht. Das Besondere an dieser Arbeit ist die Kombination aus ver-
schiedenen Methoden, um die Wechselwirkung jeder im Molekil vorkommenden
Atomsorte zu untersuchen. So konnte gezeigt werden, dass die Wechselwirkung
an der Grenzflache zu Metallkontakten sehr vielfaltig ist und alle Elemente der Mo-
lekile an dieser beteiligt sind. Bei Untersuchungen des perfluorierten CoPc (Co-
PcFis) wurde beispielweise die Kombination aus Photoelektronenspektroskopie
(PES), Rontgenabsorptionsspektroskopie (XAS) und Augerspektroskopie (XAES)
genutzt, um einen komplexen wechselseitigen Ladungstransfer zu Cu-Oberflachen
festzustellen. Des Weiteren konnte durch die Kombination von XAS und PES an-
hand des FePcFis gezeigt werden, dass eine qualitative Bestimmung der Orientie-
rung Uber eine Cls Peakfitanalyse mit einer oberflachensensitiven Anregungs-
energie moglich ist.

Ein sehr wichtiger Schritt zur Aufklarung der elektronischen Struktur der (BN-) Na-
nographenmolekile war eine ausfuhrliche Peakfitanalyse der Rumpfniveaus, so-
wie die Kombination aus experimentellen und gerechneten XAS-Spektren. Zudem
konnte fir die (BN-) Nanographenmolekile gezeigt werden, dass sowohl die BN-
Dotierung als auch der Grad der Planaritdt und damit die Gro3e des konjugierten
-Systems sowohl die elektronischen Eigenschaften, die Morphologie als auch
das Wachstum bzw. die Orientierung der Molekdle in diinnen Filmen sowie an der
Grenzflache stark beeinflusst. Die BN-Dotierung beeinflusst dabei hauptsachlich
die elektronischen Eigenschaften und die Morphologie dinner Filme, wahrschein-
lich bedingt durch unterschiedlich starke Molekul-Molektl Wechselwirkung. Dahin-
gegen wirkt sich der Grad an Planaritat am starksten auf die Orientierung diinner
Filme und die Wechselwirkung an der Grenzflache zu den Metallkontakten aus.
Dabei wurde festgestellt, dass das grol3ere planare 1T-System des BsNs-hexa-peri-
hexabenzocoronen (BN-HBC) im Vergleich zu den kleinen Biphenyleinheiten des

BsNs-hexabenzotriphenylen (BN-HBP) stabilisierend wirkt.






Abstract

In the present work, the interaction properties, the growth mode and the orientation
of transition metal phthalocyanines (TMPcs), in particular of perfluorinated FePc
(FePcF16), and (BN-) nanographene molecules in thin layers and at different inter-
faces were investigated in detail. The special thing about this work is the combina-
tion of different methods to investigate the interaction of every type of atom in the
molecule. It could be shown that the interaction at the interface with metal contacts
is very diverse and that all types of atoms of the molecules are involved in it. In
investigations of the perfluorinated CoPc (CoPcFis) for example, the combination
of photoelectron spectroscopy (PES), X-ray absorption spectroscopy (XAS) and
Auger spectroscopy (XAES) was used to determine a complex reciprocal charge
transfer to Cu surfaces. Furthermore, the combination of XAS and PES based on
FePcFi1s showed that a qualitative determination of the orientation via a C1s peak
fit analysis with a surface-sensitive excitation energy is possible.

A very important step towards elucidating the electronic structure of the BN-nanog-
raphene molecules was a detailed peak fit analysis of the core levels, as well as
the combination of experimental and calculated XAS spectra. In addition, it was
possible to show for the (BN-) nanographene molecules that both the BN doping
and the degree of planarity and thus the size of the conjugated 1T-system affect
both the electronic properties, morphology and growth or the orientation of the mol-
ecules in thin films as well as at the interface is strongly influenced. The BN doping
mainly influences the electronic properties and the morphology of thin films, prob-
ably due to different strengths of molecule-molecule interaction. In contrast, the
degree of planarity has the greatest impact on the orientation of thin films and the
interaction at the interface with the metal contacts. It was found that the larger
planar 1 system of B3Ns-hexa-peri-hexabenzocoronene (BN-HBC) has a stabiliz-
ing effect compared to the small biphenyl units of B3Ns-hexabenzotriphenylene
(BN-HBP).
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Einleitung

Wir leben in einem Zeitalter, welches von der Halbleitertechnologie gepragt und
getrieben wird. Immer mehr Transistoren sollen auf immer weniger Raum Platz
finden, um Halbleiterchips fur die Elektronikindustrie leistungsfahiger, kleiner sowie
kosten- und energieeffizienter zu machen. Nur so ist es moéglich Projekte wie die
kunstliche Intelligenz, autonomes Fahren oder auch 5G-Technologie voranzutrei-
ben. Triebkraft fir diese Entwicklung ist das bekannte ,Moore’sche Gesetz®, wel-
ches viel mehr als Prophezeiung denn als Gesetz gesehen werden kann. Gordon
Moore, Mitbegrunder von Intel, formulierte im Jahr 1965, dass sich die Dichte elekt-
ronischer Schaltkreise innerhalb eines Jahres immer weiter verdoppelt.t Im Jahr
1975 korrigierte Gordon Moore seine Aussage auf eine Verdoppelung alle zwei
Jahre.

Die Halbleitertechnologie basiert auf einer Entdeckung der Wissenschaftler Bar-
deen, Brattain und Shockley, die im Jahr 1947 den regelbaren Widerstand anhand
eines Germanium-Einkristalls und somit den Transistor entdeckten.? Seit es Jack
Kilby gelang einen Transistor auf Basis von Silizium, dem zweithdufigsten Element
auf unserer Erde, herzustellen,? ist Silizium das Standardmaterial fir die heutigen
Hochleistungsbauelemente. Durch gezielte Dotierung und daher eingehend die
gezielte Einstellung der elektronischen Eigenschaften kann die Siliziumhalbleiter-
technologie in verschiedenen Bereichen wie Sensorik, Photovoltaik, Computer-
technik und Unterhaltungs- sowie Kommunikationselektronik eingesetzt werden.
Obwohl die auf Silizium basierende Halbleitertechnologie in unserem Leben eine
wichtige Rolle spielt, gibt es auch einige Schwachstellen, weshalb alternative Halb-
leitertechnologien erforscht und zur Serienreife gebracht werden. So ist die Gewin-
nung von Silizium energetisch sehr aufwendig und somit ineffizient. Das Silizium
fur die hochwertigen Wafer wird durch Reduktion von Quarzsand gewonnen, ein
Verfahren, welches nur unter hohem energetischem Aufwand durchgefiihrt werden
kann. Zudem muss das Silizium fir mikroelektronische Anwendungen hochrein
sein, da Verunreinigungen den elektrischen Leitungsprozess stark beeinflussen.
Dies bedeutet einen hohen Aufwand bei der Aufreinigung, was sich wiederum auch
im Preis niederschlagt.

Neben Perowskit-Systemen+® wurde die Forschung vor allem im Bereich der or-

ganischen Halbleiter vorangetrieben, um eine Alternative zu Silizium basierter



Halbleitertechnologie zu bieten und diese nach und nach abzulésen. Organische
Halbleiter bieten einige wichtige Vorteile gegeniiber anorganischen Halbleitern:
eine hohe thermische Stabilitét, einfache und damit kostengiinstige Produktion,
geringes Gewicht, Flexibilitat und damit die Mdglichkeit sie via Druckverfahren auf
biegsame Oberflachen aufzubringen. Hierflir kdnnen sowohl leitende Polymere als
auch kleine leitende organische Molekule eingesetzt werden, wodurch die ge-
winschten Eigenschaften durch gezielte Auswahl des Materials erzielt werden
konnen.%-19

Eine interessante Stoffgruppe organischer Molekule fir die Anwendung in der
Halbleitertechnologie stellen die Phthalocyanine dar. Bei den Phthalocyaninen
handelt es sich um heterozyklische Kohlenwasserstoffe mit 42 1r-Elektronen,
wodurch sie laut der Hiuckel-Regel (4n+2) zu den Aromaten zahlen. Mittlerweile
konnten schon tber 70 verschiedene Phthalocyanine mit unterschiedlichen Zent-
ralatomen und Liganden synthetisiert werden.?® Von groRem Interesse in der An-
wendung sind vor allem die Ubergangsmetall-Phthalocyanine (TMPcs, engl. tran-
sition metal phthalocyanines) (Abbildung 1). Durch ihre hohe chemische und ther-
mische Stabilitat, sowie einfache und flexible Handhabung sind sie interessant fur
verschiedene Anwendungen wie Leuchtdioden, Solarzellen, organische Feldef-
fekt-Transistoren und aufgrund ihrer magnetischen Eigenschaften auch fir
Spintronik.?3® Neben der organischen Elektronik werden Phthalocyanine auf-
grund ihrer starken Farbung im sichtbaren Bereich auch als Farbstoffe verwen-
det.?? Eine aktuelle Forschung zeigt zudem, dass Phthalocyanine in der photody-
namischen Therapie eingesetzt werden konnen.3’

Um diese Molekile in Bauteilen als Halbleiter anwenden zu kbnnen, mussen sie
mit Elektroden kontaktiert werden um Ladungszufuhr und -abfuhr zu ermdglichen.
Die entscheidende Rolle spielt dabei die Grenzflache zwischen den Molekulen und
dem Elektrodenmaterial. Zu den mdglichen Effekten, welche an der Grenzflache
auftreten kénnen, zahlen Ladungstransfer, chemische Reaktionen, Metallierung
bzw. der Austausch des Zentralatoms oder auch Deformation.®844 Neben diesen
elektronischen Eigenschaften gilt es ebenfalls die Orientierung und Morphologie
der Phthalocyanine zu beachten. Weitere Informationen Uber die Struktur der
Phthalocyanine und die fir das Verstandnis der Grenzflachen-Wechselwirkung
wichtige d-Orbitalanordnung der metallischen Zentralatome kénnen in der Literatur

eingesehen werden.+>-58



Die elektronische Wechselwirkung zwischen den Molekilen und dem Substrat
kann durch gezielt hergestellte Pufferschichten unterbunden bzw. manipuliert wer-
den, je nachdem, welche Eigenschaften fur die Anwendung bendtigt werden. Dies
kann beispielweise durch Sauerstoffterminierung, Molekullagen oder 2D-Netz-

werke wie Graphen und hexagonales Bornitrid geschehen.5%-64
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Abbildung 1. Molekulstruktur der TMPcs, des HBCs, des BN-HBCs und des BN-HBPs.
Das M im Zentrum des TMPc steht fir das zentrale Metallatom, hier Cobalt (Co) und Eisen
(Fe). Das X auBenherum steht fir die Liganden Fluor (F) und Wasserstoff (H). Die in dieser
Arbeit verwendeten TMPcs bestehen aus Kombinationen dieser Elemente.

Neben der Stoffgruppe der Phthalocyanine sind in den letzten Jahren auch soge-
nannte nanographenartige Molekdle in das Blickfeld der anwendungsbezogenen
Forschung gelangt.®>%° Das wohl bekannteste nanographenartige Molekiil ist der
planare und als ,Superbenzol” bezeichnete polyzyklische aromatische Kohlenwas-
serstoff (PAH, engl. polycyclic aromatic hydrocarbon) Hexa-peri-hexabenzocoro-
nen (HBC) (Abbildung 1).%8 Mit Blick auf den Einsatz in Solarzellen und Feldef-
fekttransistoren wurden mit HBC schon vielversprechende Ergebnisse erzielt.®” 70

2 Durch das Ersetzen von C-C durch isosterische und isoelektronische B-N Ein-



heiten in den Nanographen-Molekilen kénnen intrinsische elektronische Eigen-
schaften gezielt verandert werden, wodurch sich neue Einsatzmdglichkeiten erge-
ben.”?" Ein sehr aufwendig herzustellendes BN-Nanographenmolekiil stellt das
planare BsNs-Hexa-peri-hexabenzocoronen (BN-HBC) dar (Abbildung 1). Im Ver-
gleich zu HBC wurde der innere Benzolring durch einen Borazinring gezielt er-
setzt.8% Durch die Substitution eines Benzolrings durch einen Borazinring kann die
Bandliicke vergroRert werden,®-82 ohne die GroRe des Molekiils zu verandern.®?
Dies fuihrt dazu, dass beispielweise Benzol ein Aromat, Borazin jedoch ein Nicht-
aromat ist.84 Graphen ist elektrisch leitend, h-BN jedoch ein Halbleiter mit groRer
Bandliicke®* bzw. Isolator.8> Kohlenstoffnanoroéhren sind in Abhangigkeit ihrer Chi-
ralitdt ebenfalls metallisch oder halbleitend, wahrend BN-Nanordhren immer halb-
leitend sind.?4 Die Erweiterung des HOMO-LUMO-Abstands ist von besonderem
Interesse.t5° Unter anderem deshalb sind Borazinmaterialien mittlerweile auch
fur elektronische Anwendungen von Bedeutung.86: 9194

Neben dem direkten Einsatz in elektronischen Bauteilen kdnnen PAHs aul3erdem
als Ausgangsmaterial fur die bottom-up Synthese von Graphen verwendet wer-
den.®>% Dieses hat mittlerweile in verschiedenen elektronischen Bauteilen Ver-
wendung gefunden, so beispielweise in Energiespeicherelementen, Feldeffekt-
Transistoren und Sensoren.®%-10! Gerade gezielt dotiertes Graphen, welches durch
die Verknupfung BN-dotierter Molekiile wie BN-HBC synthetisiert werden kann,
erweitert die Einsatzmdglichkeiten des Graphens nochmals deutlich. In ersten Ver-
suchen wurde schon gezeigt, dass es mdglich ist BN-HBC Derivate oberflachen-
katalysiert zu verkntipfen.1%2 Neben BN-HBC konnte auch die Vorstufe BaNs-Hex-
abenzotriphenylen (BN-HBP) (Abbildung 1) in Zukunft eine wichtige Rolle als Aus-
gangsmaterial fur die bottom-up Synthese von BN-dotiertem Graphen einnehmen.
BN-HBP z&hlt zu den nanographenartigen Molekilen mit nichtplanaren Tr-konju-
gierten Kohlenstoffsystemen. Diese Molektile spielen ebenfalls eine wichtige Rolle
fur verschiedene Anwendungen. So zeigen beispielweise nichtplanare Porphyrine
und andere Tetrapyrrole wichtige biochemische Funktionen und technologische
sowie wissenschaftliche Anwendungen.*% 103106 Neben BN-HBP ist auch das
BsNs-Hexabenzotriphenylen-2H (BN-HBP-2H, nicht gezeigt), welches statt drei nur
zwei gebrochene CC-Bindungen aufweist, fir diese Anwendungen interessant.
Durch die zwei gebrochenen CC-Bindungen ist dieses Molekul ein Hybrid aus BN-
HBC und BN-HBP.



Fur einen mdglichen Einsatz der beschriebenen Molekile in elektronischen Bau-
teilen ist es von grol3er Bedeutung uber die elektronischen und wachstumsbezo-
genen bulk- und Grenzflacheneigenschaften Bescheid zu wissen. Dabei spielt die
erste Lage an Molekilen (Monolage (ML)) eine entscheidende Rolle, denn sie be-
stimmt mafRgeblich das Wachstum in den weiteren Lagen'°7-1%8 und vor allem kén-
nen elektronische Eigenschaften an der Grenzflache zu verschiedenen Metallen in
diesem Schichtbereich festgestellt werden. Die Kenntnis Gber die Wechselwirkung
an der Grenzflache von Substraten und Molekilen spielt bei vielen technologi-
schen Prozessen eine wichtige Rolle, beispielsweise bei der Herstellung von Ka-
talysatoren, Halbleiterbauelementen und chemischen Sensoren. Bei diesen Pro-
zessen wird die Wechselwirkung gezielt zur Kontrolle der Grenzflachen einge-

setzt.1%° Grundsatzlich kann zwischen zwei Arten von Wechselwirkung unterschie-

den werden: Physi- und Chemisorption.

Physisorption Chemisorption
o000 O00O

Abbildung 2. Exemplarische Darstellung der beiden Adsorptionsarten Physisorption
(links) und Chemisorption (rechts). Zur Verdeutlichung des Unterschieds ist ein zweiato-
miges Molekul dargestellt, welches bei der Physisorption keine feste Bindung ausbildet.
Dahingegen entsteht bei der Chemisorption eine feste Bindung zum Substrat und durch
die starke Wechselwirkung kann das Molekil sogar gespalten werden.

Die Physisorption (Abbildung 2) ist eine Art der Adsorption mit einer schwachen
Wechselwirkung zwischen den Molekilen in der Gasphase und dem Substrat. Ty-
pischerweise entstehen nur schwache Bindungen mit einer Wechselwirkungsener-
gie von unter 50 kJ/mol.1%° Die Wechselwirkung beruht auf elektrostatischen Kraf-
ten zwischen induzierten und/ oder permanenten Dipolen, welche als van-der-
Waals-Kréfte bezeichnet werden. Neben der Wechselwirkungsenergie ist die Re-
versibilitat der Wechselwirkung ein entscheidendes Kriterium zur Einstufung der
Art der Adsorption. So sind die Bindungen durch die schwache Wechselwirkung

bei der Physisorption zumeist reversibel. Die Chemisorption (Abbildung 2) stellt



die zweite Adsorptionsweise dar. Bei diesem Prozess ist die Wechselwirkungs-
energie grol3er als 50 kJ/mol und es entstehen chemische Bindungen in Form von
ionischen als auch kovalenten Bindungen.'® Die Wechselwirkung ist somit meist
irreversibel oder nur durch extreme Bedingungen wie beispielweise hohe Tempe-
raturen wieder riickgangig zu machen.*0

Um das Wachstum und die elektronischen Eigenschaften der Molekile zu unter-
suchen bieten sich verschiedene Analysemethoden an. Im Zuge dieser Arbeit wur-
den dafur hauptséachlich die Photoelektronenspektroskopie (PES), Rastertunnel-
mikroskopie (STM, engl. scanning tunneling microscopy) und bei Experimenten an
den Elektronenspeicherringen RoOntgenabsorptionsspektroskopie (XAS, engl.
X-ray absorption spectroscopy) angewendet. Weiterhin wurden fur zusatzliche In-
formationen auch Messungen mit der Oberflachenbeugungsmethode LEED (engl.
low-energy electron diffraction) und Rasterkraftmikroskopie (AFM, engl. atomic
force microscopy) durchgefihrt.

Die PES ist eine oberflachensensitive Analysemethode, die in der Oberflachen-
physik und -chemie sowie in der Materialforschung eine zentrale Rolle spielt. Sie
beruht auf dem &ufReren photoelektrischen Effekt, der von Heinrich Hertz und Wil-
helm Hallwachs 1887 bzw. 1888 entdeckt!''1*? und von Albert Einstein 1905
schlussendlich theoretisch beschrieben wurde.'? Er hat den auReren photoelektri-
schen Effekt durch die Quantelung der elektromagnetischen Strahlung erklart und
1921 dafur den Nobelpreis fur Physik erhalten. Der Prozess der Photoemission
kann nach Berglund und Spicer in die drei separaten Schritte Photoionisation der
Probe, Transport des angeregten Elektrons an die Oberflache und Durchtritt des
Elektrons durch die Festkorperoberflache unterteilt werden.'* PES wird verwen-
det, um Informationen Giber chemische und physikalische Eigenschaften der unter-
suchten Probe zu gewinnen. So kann beispielweise auf das Element, dessen Oxi-
dationszustand und chemische Umgebung geschlossen werden. So kénnen bei-
spielweise Ladungstransfers an Grenzflachen analysiert werden. Zudem kann die
gemessene Intensitat mit den jeweiligen Empfindlichkeitsfaktoren verrechnet und

S0 eine Aussage Uber die Probenzusammensetzung gemacht werden.



Eine weitere wichtige Eigenschaft von PES ist die Moglichkeit nominelle Schicht-
dicken d anhand von Gleichung 1 zu berechnen:

o))

d = AIMFP * COS (9) * ln 1 + D (1)
e (5),

e xp und xg: Stochiometrische Faktoren fur Deckschicht und Substrat
e o, und os: Empfindlichkeitsfaktoren der Rumpfniveaus von Deckschicht und
Substrat

e p: Dichte

e M: Molare Masse

e [, Intensitat des Deckschichtsignals

e [ Intensitat des Substratsignals nach dem Aufdampfen

e A;urp: inelastische mittlere freie Wegléange

e O: Kippwinkel der Probe
Je nach Anregungsenergie wird zwischen Rontgenphotoelektronenspektroskopie
(XPS) und Ultravioletter Photoelektronenspekstroskopie (UPS) unterschieden. Mit-
hilfe von XPS kdnnen Informationen Uber die Rumpfniveaus erhalten werden, mit
UPS Uber das Valenzband (VB) (Abbildung 3). Weiterfihrende Informationen zur
PES und (alternativer) Berechnung der Schichtdicke ist der Literatur zu entneh-
men_lOQ-llO, 115-122
Wahrend mit PES Informationen Uber besetzte Zustdnde gewonnen werden, kén-
nen durch XAS Informationen Uber unbesetzte Zustande erhalten werden. Sie lie-
fert Informationen Uber die chemische Umgebung, die molekulare Orientierung
und Bindungseigenschaften der jeweiligen im Molekl enthaltenen Elemente.!?3
Fur XAS ist eine durchstimmbare monochromatische Anregungsquelle, wie man
sie am Synchrotron vorfindet, nétig, da die Anregungsenergie im Bereich der loni-
sationsschwelle des jeweiligen Elements variiert werden muss. Eine Absorption
findet statt, wenn sich die Anregungsenergie genau in Resonanz zu einem ener-
getischen Ubergang befindet (Abbildung 3). Dies wird im Spektrum als soge-
nannte Absorptionskante sichtbar. Ublicherweise erhalten die Absorptionskanten
Bezeichnungen entsprechend der Schale der Rumpfniveaus, aus denen die ab-
sorbierten Elektronen stammen. So werden Absorptionskanten beispielweise als

K-Kanten bezeichnet, wenn die absorbierten Elektronen aus einem s-Niveau stam-



men. Eine genaue Beschreibung des Absorptionsprozesses anhand Fermis Gol-
dener Regel ist der Literatur zu entnehmen.''* XAS wurde in dieser Arbeit fir die
Aufklarung von grundsatzlich drei Punkten angewendet: elektronische Strukturauf-
klarung dinner Schichten, elektronische Struktur an der Grenzflache zu Metallsub-

straten und die Orientierung der Molekule bei unterschiedlichen Schichtdicken.

XPS UPS XAS
2 ®
i hv i
EVac | : EVac
EF - -:' _______ : _______ EF ________
-O-O-O-0-O -O-0-0-0-0- —0-0-0—©
hv | hv :
—Oo—o—o— —o0—0—0— —Oo—0—o—

Abbildung 3. Schematische Darstellung des Photoionisationsprozesses aus einem
Rumpfniveau (links) und aus dem Valenzband (mittig). Auf der rechten Seite ist der Ront-
genabsorptionsprozess dargestellt. Ey,,. (Energie des Vakuumniveaus) steht fur die Ener-
gie, die das Elektron erreichen muss, um ins Vakuum zu gelangen. Ep entspricht der
Fermi-Energie.

Es gibt verschiedene Mdglichkeiten die Absorptionsprozesse zu detektieren. In
dieser Arbeit wurde meist der Probenstrom gemessen. Der Probenstrom entspricht
dem Strom der nachflieBenden Elektronen, die die Locher fullen, die durch den
Absorptionsprozess entstanden sind. Die Anzahl der Elektronen ist also proportio-
nal zu der Anzahl der Ubergange (engl. Total Electron Yield, TEY). Des Weiteren
wurde zur Detektion auch der Auger Electron Yield (AEY) verwendet, wobei die
wahrend des molekularen Relaxationsprozesses emittierten Augerelektronen de-
tektiert werden.?4 Somit ist der AEY oberflachensensitiver. Die mittlere freie Weg-
lange ist dabei abhangig von der kinetischen Energie der Elektronen.''> Weitere
Informationen Uber XAS sind der vorgeschlagenen Literatur zu entnehmen.10% 123,
125

Neben diesen spektroskopischen Methoden wurde auch STM verwendet, um die
Orientierung und Wechselwirkung der Molekule im Monolagenbereich zu untersu-
chen. Die Grundlage fir STM ist der quantenmechanische Tunneleffekt. Die theo-
retischen Grundlagen wurden im Jahr 1929 von R. W. Gurney und E. U. Condon

veroffentlicht.2?6 Daraufhin vergingen 52 Jahre, bis G. Binnig und H. Rohrer 1981



das Rastertunnelmikroskop entwickelten,*?” wofir sie schon kurz darauf den No-
belpreis erhielten.128

Eine scharfe, leitende Metallspitze, welche meist aus Platin und Iridium oder Wolf-
ram besteht, wird mithilfe von Piezo-Stellelementen bis auf unter einen Nanometer
an die zu untersuchende Probe herangefahren. Dann wird eine Spannung, entwe-
der an die Spitze oder die Probe, angelegt und es fliel3t ein Tunnelstrom, welcher
registriert wird. Voraussetzung dafir ist eine gute Leitfahigkeit der Spitze und der
Probe. Sobald ein Tunnelstrom fliel3t, wird die Spitze rasterférmig tUber den zu
messenden Bereich bewegt. Da der Abstand zwischen Probe und Spitze so gering
ist, ist es wichtig eine moglichst glatte Probe zu vermessen, damit die Spitze nicht
durch den Kontakt mit der Probe zerstért wird. Des Weiteren kann die Bildqualitat
durch eine ungeeignete Spitzenform (bspw. Mehrfachspitzen), thermische Stérun-
gen und Vibrationen stark beeinflusst werden. WeiterfiUhrende Literatur zur Me-
thode STM, dem piezoelektrischen Effekt und Tunneleffekt ist der vorgeschlage-

nen Literatur zu entnehmen.126-138






Ergebnisse und Diskussion

1. Elektronische Eigenschaften und Orientierung von perfluo-
riertem FePc in dinnen Filmen

Um die Wechselwirkung an Grenzflachen zwischen organischen Molekilen und
maoglichen metallischen Elektrodenmaterialien zu verstehen ist es unerlasslich zu-
erst eine detaillierte Untersuchung der Molekule in diinnen Filmen durchzufihren.
So kénnen die Spektren ohne den Einfluss der Grenzflache auf elektronische Ei-
genschaften der Molekile hin untersucht werden. Ein Hauptaugenmerk in dieser
Arbeit liegt auf dem erst in jingerer Vergangenheit in den Fokus gerlckten perflu-
orierten FePc (FePcFe). In den Publikationen [1], [2] und [6] wurden dinne Schich-
ten dieses Molekils auf den metallischen Oberflachen Au(111), Ag(111) und
Cu(111) ausfuhrlich mit XPS und XAS charakterisiert und die Rumpfniveaus mit-
hilfe von detaillierten Peakfits analysiert. Aber auch auf Van-der-Waals Substraten
(bspw. M0S2)'3° und verschieden praparierten Oxidoberflaichen (bspw. TiO2)4°
wurden schon ausfuhrliche Charakterisierungen durchgefihrt.

Das Wachstum und die Orientierung der Molekile sind fir die intermolekularen
Wechselwirkungen in den Filmen und somit fiir die elektronische Struktur der Filme
von entscheidender Bedeutung. Eine Untersuchung der Orientierung von planaren
1-konjugierten Molekilen kann mit winkelabh&ngigen XAS-Messungen und linear
polarisiertem Licht durchgefiihrt werden.'23: 125 Dabei werden die relativen Intensi-
taten der Anregungen von besetzten in unbesetzte Zustande (1 oder 0*) detek-

tiert. Im Falle der TMPcs bietet sich hierfiir die N-K Absorptionskante an.'#! Ab-
sorptionstibergange vom N1s in 1m*-Orbitale sind dabei am intensivsten, wenn E

vertikal zur Molekilebene ist, wahrend Absorptionsiibergange in o*-Orbitale fur E
parallel zur Molekilebene maximal sind. Intensitat unterhalb von 404 eV dominie-
ren Absorptionsiibergange vom N1s in m*-Orbitale, wéhrend oberhalb von 404 eV
nur Absorptionsiibergange in o*-Orbitale detektiert werden.141-143

In Abbildung 4 werden die N-K XAS-Spektren diinner Filme auf den verschiede-
nen Metallsubstraten verglichen und eine Verknipfung zu den zugehdrigen Cls
Spektren bei verschiedenen Anregungsenergien hergestellt. Vorab ist anzumer-
ken, dass sich die Schichtdicken sehr stark unterscheiden und somit kein Vergleich
der Substrate untereinander in Bezug auf die Eignung zur Herstellung flach liegen-

der Schichten gemacht werden kann. Es ist bekannt, dass die Orientierung der
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TMPcs in diinnen Filmen stark vom Substrat abhangt,40-141. 144-145 \yobei sie auf
in-situ praparierten Einkristallen und aufgedampften Metallschichten bevorzugt
flach |iegen'38| 144, 146-149

a) N-K XAS-Spektren D) Clsbeihv=860/870eV C)  Cis beihv=385eV

" CF
Ag(111) —

Ag(111) ) Cls Ag(111) Cls
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Cl
Au(111)
Au(111) hv = 870 eV
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Abbildung 4. Zusammenhang zwischen N-K XAS-Spektren und C1s-Spektren beziig-
lich der Orientierung dinner Filme FePcFi. a) N-K XAS-Spektren, b) C1s bei hv =
860/870 eV und c) C1s bei hv =385 eV. V.o.n.u.: 1,7 nm auf Ag(111), 2,9 nm auf Au(111)
und 5,5 nm auf Cu(111). Die Peakfitparameter der Spektren bei hv = 860/870 eV sind in
Tabelle Al zusammengefasst. Die Peakfitparameter der Spektren bei hv = 385 eV kénnen

den zugrundeliegenden Publikationen [2] und [6] entnommen werden.

Auf allen drei Substraten ist die Intensitat der m"-Ubergange bei streifendem Einfall
(10°) maximal, wahrend die Intensitat der o*-Ubergange bei senkrechtem Einfall
(90°) des auftreffenden Lichts maximal ist (Abbildung 4a). Dies bedeutet, dass
die Molekule jeweils bevorzugt liegen. Jedoch fallt sofort auf, dass der Dichroismus
unterschiedlich stark ausgepragt ist. Am besten liegen die Moleklle der 1,7 nm
Schicht auf Ag(111), dann der 2,9 nm Schicht auf Au(111) und am wenigsten in
der 5,5 nm Schicht auf Cu(111). Derselbe Trend ist ebenfalls aus den zugehérigen
C1ls-Spektren zu entnehmen (Abbildung 4b+c). Im Molekil FePcFis sind drei ver-
schiedene Sorten von Kohlenstoffatomen mit unterschiedlicher chemischer Umge-
bung zu unterscheiden: CF, CN und CC im Verhéltnis 4-2-2. Innerhalb der C-
Atome eines Molekuls befinden sich die CF-Atome am weitesten auf3en, wahrend
sich die CN-Atome am weitesten innen befinden. Bei einer Anregungsenergie von
860 bzw 870 eV (Abbildung 4b) entsprechen die aus den Fits erhaltenen stochi-
ometrischen Verhaltnisse sehr gut dem erwarteten Verhaltnis von 4-2-2, allerdings
sind leichte Abweichungen zu erkennen (Tabelle 1). Die geringste Varianz zeigt
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die 1,7 nm Schicht auf Ag(111), wahrend die 5,5 nm Schicht auf Cu(111) am
starksten abweicht. Bei einer Anregungsenergie von 385 eV wird die mittlere freie
Weglange der Elektronen aufgrund der geringen kinetischen Energie von etwa
100 eV um einiges geringer als bei 860 bzw 870 eV, wodurch oberflachensensiti-
ver gemessen werden kann. Hier werden die Abweichungen der aus den Peakfits
erhaltenen Stochiometrien deutlich groRer als bei der Anregungsenergie 860 bzw.
870 eV (Abbildung 4c, Tabelle 1). Die Abweichungen der Schichten auf Ag(111)
und Au(111) sind noch gering, auf Cu(111) weicht der Anteil CF+Scr mit 5,5 statt
4 und der Anteil des CN+Scn mit 1,4 statt 2 aber schon deutlich von der erwarteten
Stochiometrie ab. Durch die hohere Oberflachensensitivitat bei 385 eV kann darauf
geschlossen werden, dass die Molekdle in den hoheren Schichten anfangen auf-
zustehen, wahrend sie in den tieferen Schichten noch flacher liegen. Anhand die-
ses Vergleichs zwischen N-K XAS-Spektren und Cls Rumpfniveaus kann die
Komplementaritat eindrucksvoll gezeigt werden. Zudem wird gezeigt, dass man
durch geeignete Wahl der Anregungsenergie auch eine Art Tiefenprofil erstellen
kann.

Tabelle 1. Stochiometrische Verhaltnisse der C1s-Peakfitkomponenten aus Abbildung 4
in der Reihenfolge: CF+Scr — CN+Scn — CC+Sce.

hv (eV) Ag(111) Au(111) Cu(111)
860/870  4,0-1,920 3,9-182,0 4,2-1,7-2,0
385 4,3-17-20 4,3-1,6-20 55-1,4-2,0

Die Rumpfniveaus der nichtmetallischen im Molekil vorkommenden Elemente
Fluor (F), Stickstoff (N) und Kohlenstoff (C) der diinnen Filme zeigen auf den ver-
schiedenen Metallsubstraten sehr ahnliche Bindungsenergien: 687,22 + 0,08 eV
(F1s), 398,82 + 0,12 eV (N1s) und 284,83 £ 0,08 eV (C1s). Im selben Bereich lie-
gen auch die Bindungsenergien der verschiedenen Rumpfniveaus auf dem Halb-
leiter MoS2 und defektreichem TiO2.13%-140 Dies unterstreicht die Tatsache, dass
das Substrat, wenn es eine gentigend hohe Leitfahigkeit aufweist, ab einer gewis-
sen Schichtdicke keinen Einfluss mehr auf die elektronische Struktur (der Rumpf-
niveaus) des Molekiils hat. Jedoch kann durch die Fluorierung des FePcs ein deut-
licher Unterschied in den relativen Bindungsenergien von N1s und C1s Rumpfni-
veaus ausgemacht werden. Um dies zu verdeutlichen ist in Abbildung 5 die Dif-

ferenz der Bindungsenergie der N1s und Cls (anhand der CC-Komponente)
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Rumpfniveaus und innerhalb des C1s (anhand der CN- und CC-Komponente) diin-
ner Filme FePc und FePcFie6 auf verschiedenen Substraten dargestellt. Aus dieser
Auftragung ist ein klarer Trend erkennbar: der relative Bindungsenergieabstand
zwischen N1s und Cls ist fur FePc durchschnittich um 0,4 eV groRer als
fur FePcFis (Abbildung 5a). Dahingegen ist der relative Bindungsenergieabstand
zwischen der CN- und CC-Komponente nur um 0,16 eV grofRer (Abbildung 5b).

1) FePc/GeS
a) ,,,,,,,,,,,,,, 2) FePcF,¢/MoS, b) ..............
114,61 { 3) FePc/MosS,
4) FePcF,/Au(111)
11444 1 *_ _+ _ _+_ ) +_ o + 5) FePc/‘i’?Oz(loo) 4 +
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13)

14)
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Abbildung 5. Vergleich der Bindungsenergieabstéande des a) N1s und Cls (N1s-CC)
und b) innerhalb des C1s (CN-CC) dunner Filme FePcFis (blau) und FePc (schwarz) auf
verschiedenen Substraten. Die gestrichelte rote Linie stellt den jeweiligen Mittelwert der
Bindungsenergiedifferenzen der diinnen Schichten FePc und FePcFi6 dar. Zum Vergleich
wurde je ein CoPcFis und CoPc Experiment hinzugeflgt (griin). Als Fehler wurden
+ 0,1 eV angenommen. Die Daten stammen teilweise aus Experimenten, die von ehema-

ligen und aktuellen Kollegen des AK Chassé gemessen, jedoch teilweise nicht veroffent-

licht wurden,139-140, 150-151

Um zu Uberpriufen, ob neben der Fluorierung auch das zentrale Metallatom einen
Einfluss auf diesen Abstand hat, wurde jeweils eine Schicht mit CoPcF16 und CoPc
hinzugeflgt (grun). Die beiden Schichten folgen dem Trend des FePcFx. Dieser
Unterschied scheint also auf die Fluorierung zurtckzufiihren zu sein. Dies kdnnte
mit dem starken elektronenziehenden induktiven Effekt der Fluoratome erklart wer-
den, der sich starker auf die Atome auswirkt, die ndher an den Fluoratomen posi-
tioniert sind (CC > CN > N). Folglich sorgt die Fluorierung fir eine relative chemi-
sche Verschiebung und somit fiir eine Umverteilung der Ladungsdichte in den ver-
schiedenen Kohlenstoffkomponenten und dem Stickstoff. Dieser Effekt beruht auf
Untersuchungen Linus Paulings tber die Eigenschaften chemischer Bindungen,?
woraus sich das Konzept der Elektronegativitaten entwickelte und wurde schon fur

verschiedene fluorierte organische Molekile und Gruppen untersucht.153-158 \or
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allem im medizinischen und pharmazeutischen Bereich werden Fluorsubstituenten
aufgrund ihrer Wirkung auf das Restmolekdil, gezielt in der Entwicklung neuer Arz-
neimittel eingesetzt.15% 158

Mit dem Wissen Uber die Orientierung der Moleklle kann eine ausfuhrliche Ana-
lyse der elektronischen Eigenschaften der diinnen Schicht, wie in den erwahnten
Publikationen gemacht, erfolgen. An dieser Stelle wird dabei auf die unterschiedli-
chen Fe-Ls XAS-Spektren und Fe2ps2 Rumpfniveaus der dinnen Schichten auf
Ag(111) und Au(111) im Vergleich zu Cu(111) eingegangen. Eine Mdglichkeit die
in der Publikation [1] ausfuhrlich diskutiert wird, ist eine Anderung des Spinzustan-
des des Fe-Atoms. Der Spinzustand von FePc wird in der Literatur kontrovers dis-
kutiert,50-52, 55-57, 159-168 \fjttlerweile wurde durch Kalkulationen gezeigt, dass der ex-
perimentell nachgewiesene Spinzustand von S=1 von FePc nur geringen Ande-
rungen der Ligandenfeldparameter unterliegen muss, um einen anderen Spinzu-
stand anzunehmen.63. 169-170 Der Spinzustand und somit die Form der XAS-Spek-
tren hangt folglich stark von der Umgebung und somit der Anordnung der Molekile
in den Filmen ab. Durch eine genaue Untersuchung der Aufdampfparameter war
festzustellen, dass sich die verschiedenen Spektren durch eine unterschiedliche
Wabhl der Aufdampfparameter erzeugen lassen (Abbildung 6). Zur Veranschauli-
chung wurden zwei Proben FePcFis auf Au(111) bei niedriger Temperatur (Probe
1) und hoher Temperatur (Probe 2) aufgedampft und mit XPS und XAS untersucht.
Aus den N-K XAS-Spektren ist ersichtlich, dass die Molekile in beiden Proben
bevorzugt liegen (Abbildung 6a). Die Winkelabhangigkeit hangt mit dem Einfluss
des linear polarisierten Lichts auf die Intensitat fir Absorptionstibergange in ver-
schiedene Orbitale zusammen.1’! Dabei sind Ubergéange in 3d-Orbitale des Fe-
Atoms mit out-of-plane Komponenten (dxz, dyz, dz2) bei streifend einfallendem Licht
(10°) am intensivsten, wahrend Ubergédnge in Orbitale mit in-plane Komponenten
(dx2-y2, dxy) bei senkrecht einfallendem Licht am intensivsten sind. Eine genauere
Diskussion uber die spektrale Form des unfluorierten FePc ist in der Literatur nach-
zulesen.'’* Die dominanten Strukturen bei streifend einfallendem Licht sind mit ,A“
gekennzeichnet und reprasentieren out-of-plane Ubergange in aig und eg Orbitale,
wahrend die mit ,B“ gekennzeichneten Strukturen bei senkrechtem Einfall detek-
tiert werden. Diese kommen von in-plane Ubergéangen, die von Anregungen in big
und bzg Orbitalen dominiert werden, jedoch auch von Ubergangen anderer Sym-

metrie beeinflusst werden.
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Abbildung 6. Vergleich zweier verschieden praparierter diinner Filme FePcFis. Probe 1
wurde bei niedriger Temperatur aufgedampft (370 °C), wahrend Probe 2 bei hoher Tem-
peratur (410 °C) aufgedampft wurde. a) N-K XAS-Spektren bei 10 und 90°, b) Fe-Ls; XAS-
Spektren bei 10°, c) Fe-Ls XAS-Spektren bei 90°, d) Fe2p Rumpfniveaus bei hv = 900 eV
und e) VergréRerung des Bereichs direkt vor dem F1s bei hv = 900 eV.

Die Fe-Ls XAS-Spektren sehen deutlich verschieden aus, sowohl bei 10° als auch
bei 90° des einfallenden Lichts (Abbildung 6b+c). Wahrend Probe 1 die von FePc
bekannten Strukturen aufweist und zu den in Publikation [6] diskutierten Spektren
passt,139 148, 164 sind bei Probe 2 andere relative Verhaltnisse der Strukturen vor-
handen (Publikation [1] und [2]). Die elektronische Besetzung der 3d-Orbitale der
beiden Proben scheint sich deutlich zu unterscheiden. Am deutlichsten wird dies
anhand der A1 Komponente, dem Absorptionsiibergang bei niedrigster Photonen-
energie. Die zu Al gehorigen Orbitale sind im Falle von Probe 2 vor der Anregung
schon deutlich mehr gefullt als bei Probe 1, wodurch weniger Absorptionsuber-
gange stattfinden kdnnen und die Intensitat dieser Komponente folglich geringer

ist. Auffallig ist zudem die im 90°-Spektrum gekennzeichnete Schulter zu héheren
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Photonenenergien (grtiner Pfeil) (Abbildung 6¢). Um weitere Hinweise zu erhalten
wurden auch die zugehdrigen Fe2ps2 und F1s Spektren untersucht (Abbildung
6d+e). In den Fe2ps2 Spektren sind auch deutliche Unterschiede erkennbar (Ab-
bildung 6d). Neben dem markant breiteren Fe2ps;2 Signal von Probe 2, ist auch
das Peakmaximum verschoben. W&hrend es bei Probe 1 bei 709,1 eV ist, befindet
es sich bei Probe 2 bei 710,3 eV. Der Unterschied von 1,2 eV entspricht in etwa
einer Oxidationsstufe, weshalb vermutet werden kann, dass sich die Elektronen-
besetzung der Orbitale des zentralen Fe-Atoms bei Probe 2 geandert hat. Die Lage
und Form des Fe2p Signals von Probe 1 ist hingegen literaturbekannt und wurde
fur verschieden fluorierte FePcs diskutiert.139-140. 148, 172173 Fin Blick auf den Bin-
dungsenergiebereich direkt vor dem F1s Rumpfniveau zeigt zudem zusétzliche In-
tensitat bei etwa 684 eV von Probe 2, wahrend bei Probe 1 nichts zu erkennen ist
(roter Pfeil, Abbildung 6e). Eine mogliche Erklarung ist eine neuformierte Metall-
Fluor Bindung, wie auf TiO2 diskutiert.14°

Zusammenfassend kann festgehalten werden, dass die diskutierten Unterschiede
sowohl auf unterschiedliche Wechselwirkung innerhalb der dinnen Filme (siehe
Publikation [1]), jedoch ebenfalls auf eine Anderung der Bindungsverhaltnisse in
den Molekulen beruhen kdnnen. So kdnnte ein Fluoratom zuséatzlich an dem zent-
ralen Eisenatom gebunden sein und so die Oxidationsstufe und damit verbunden

die elektronische Struktur des Eisenatoms verandert haben.

2. Grenzflacheneigenschaften von perfluoriertem FePc

Nach der ausfuhrlichen Charakterisierung der diinnen Filme FePcFis auf den ver-
schiedenen Metallsubstraten ist es nun moglich die elektronischen Grenzflachen-
eigenschaften zu analysieren und diskutieren. Dabei kann das Molekul grob in zwei
Teile aufgeteilt werden: der Makrozyklus, bestehend aus Fluor, Stickstoff und Koh-
lenstoff und das zentrale Eisenatom. Die Beteiligung des Fluors kann beispiels-
weise anhand einer ausfuhrlichen Augerspektrenanalyse und der daraus resultie-
renden Berechnung von Augerparametern nachgewiesen werden (siehe Publika-
tion [5]).

Berechnungen ergaben, dass das LUMO von Phthalocyaninen stark am Stickstoff
lokalisiert ist,17417> weshalb es naheliegend ist, dass die Stickstoffatome und die

benachbarten Kohlenstoffatome (CN) bei stark wechselwirkenden Systemen auch
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haufig beteiligt sind.8 140. 148,176 Djes konnte flir FePcF1s in den Publikationen [2]
und [6] anhand der N-K XAS-Spektren gezeigt werden. In Abbildung 7a ist ein
Vergleich der N-K XAS-Spektren an der Grenzflache (1-2 ML) zu verschieden stark
wechselwirkenden Substraten bei streifend einfallendem Licht (10°) gezeigt: GeS,
Au(111), Ag(111) und Cu(111). GeS ist ein sehr schwach wechselwirkendes Sub-
strat und dient fir den Vergleich als Referenz fir die starker wechselwirkenden
Metallsubstrate. Die N-K XAS-Spektren auf GeS und Au(111) weisen keine struk-
turellen Unterschiede zu Spektren dicker Schichten auf (Publikationen [2] und [6],
Ref.139), weshalb man ausschlieRen kann, dass die Stickstoffatome an der Grenz-
flache mit dem Substrat wechselwirken. Folglich kann kein Hinweis auf eine Betei-
ligung der Stickstoffatome an der Wechselwirkung an der Grenzflache festgestellt
werden. Dahingegen sehen die Spektren an der Grenzflache zu Ag(111) und
Cu(111) deutlich anders aus. Die beiden Strukturen A und B bei 398,2 bzw.
400,7 eV sind deutlich schwacher ausgepragt als auf GeS und Au(111). Die betei-
ligten Orbitale scheinen an der Grenzflache schon partiell gefillt zu sein, wodurch
weniger Absorptionstibergdnge moglich sind. Struktur A wird durch Absorptions-
Ubergange in das LUMO des Molekils bestimmt, wahrend Struktur B Gberwiegend
durch Absorptionsubergange in LUMO+n (n>0) Molekilorbitale zustande
kommt.1%4 177 Durch bislang unveroffentlichte XAS-Rechnungen des AK Chassé
konnte gezeigt werden, dass Struktur A Absorptionsibergéngen aus den verbri-
ckenden Stickstoffatomen und Struktur B den Pyrrol-Stickstoffatomen zugeordnet
werden kann. In friheren Arbeiten wurde zudem gezeigt, dass es eine Hybridisie-
rung von Wellenfunktionen der p-Orbitale des Stickstoffs mit d-Orbitalen des zent-
ralen Metallatoms gibt, was zu Struktur A flihrt.162 164-165, 174,176, 178-179 Dje peteilig-
ten Orbitale scheinen an der Grenzflache schon partiell gefillt zu sein, so dass
weniger Absorptionsubergange maoglich sind. Dies deutet auf eine Beteiligung der
Stickstoffatome an der Wechselwirkung an der Grenzflache hin, wie beispielweise
auch fur FePc auf Ag(111) gezeigt wurde.'4®

Die Beteiligung der Kohlenstoffatome an der Grenzflachenwechselwirkung wurde
am deutlichsten anhand der CN-Kohlenstoffe in den Publikationen [2] und [6] hach-
gewiesen. Die Wechselwirkung kann anhand einer relativen Verschiebung der CN-
Kohlenstoffe im Vergleich zu CC-Kohlenstoffen an der Grenzflache im Vergleich

zu dickeren Schichten verdeutlicht werden (Abbildung 7b).
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Abbildung 7. Grenzflachenwechselwirkung der Stickstoff- und CN-Atome von FePcFis
auf verschiedenen Substraten im 1-2 ML Bereich: a) N-K XAS-Spektren und b) relative
CN-CC Abstande im Vergleich diinner Film zu 1-2 ML mit Fehlerbalken (absolute Breite
0,06 eV). Der senkrechte gestrichelte Strich ist nur zur visuellen Abgrenzung der beiden
Bereiche gedacht. Der absolute Energiewert ist irrelevant. Die Daten stammen teilweise
aus Experimenten, die von aktuellen Kollegen des AK Chassé gemessen, jedoch teilweise
nicht veroffentlicht wurden.**

Auf stark wechselwirkenden Substraten (Ag(111), Cu(111) und defektreiches
(TiO2)) betragt dieser Bindungsenergieunterschied in etwa 0,2 eV, wahrend er auf
schwacher wechselwirkenden Substraten (TiO2, Au(111) und GeS) unter 0,1 eV
betragt. Hier kann also deutlich zwischen starker und schwéacher wechselwirken-
den Substraten und deren Einfluss auf die Kohlenstoffatome unterschieden wer-
den. Grundsatzlich kann diese Verschiebung durch eine elektronische Umvertei-
lung an der Grenzflache erklart werden. Die Umverteilung findet fir die verschie-
denen Kohlenstoffe in unterschiedlichem Ausmall statt. Neben den relativen Ver-
schiebungen einzelner Komponenten ist auch eine absolute Verschiebung der
Rumpfniveaus von den dinnen Filmen hin zur Grenzflache zu beobachten. Dieser
Effekt wird durch zusatzliche Endzustandsabschirmungseffekte des Photolochs
hervorgerufen und betragt meist 0,3-0,6 eV.180-183

Neben dem Makrozyklus kann auch das zentrale Metallatom mit dem Substrat
wechselwirken (Publikationen [2] und [6]). Ein Vergleich der Fe2p und Fe-Ls Spek-
tren auf Au(111), Ag(111) und Cu(111) ist in Abbildung 8 dargestellt. Die Fe2p
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Spektren der 1-2 ML Schichten an den verschiedenen Grenzflachen (Abbil-
dung 8a) sehen zum Teil deutlich anders aus als die Spektren der dicken Schich-
ten (s. stellvertretend Abbildung 6d, Probe 1). In allen drei Spektren ist eine Kom-
ponente bei 707 + 0,1 eV zu sehen, die von der Bindungsenergie her zu metalli-
schem Eisen passt. Wahrend diese Komponente die Spektren auf Ag(111) und

Cu(111) dominiert, ist sie auf Au(111) schwacher ausgepragt (rote Komponente).

a) Fe2p,, bei hv=900/860 eV D) Fe-L, bei 10° c) Fe-L, bei 90°
1-2 ML I I ) \ I : ‘AL I I _I I ' B2, I _I
Au(111) 4 Au1L) / et

hv =900 ev / Au(111) 10° 90°

Ag(111)
hv = 900 eV

Intensitat (willk. Einheit)

Cu(111)
hv = 860 eV . Cu(111)

Cu(111)

716 714 712 710 708 706 704 702 706 708 710 712 714 706 708 710 712 714
Bindungsenergie (eV) Photonenenergie (eV) Photonenenergie (eV)

Abbildung 8. Identifizierung der Wechselwirkung des zentralen Fe-Atoms und dem je-
weiligen Substrat im 1-2 ML Bereich: a) Fe2ps2, b) Fe-Ls (10°) und ¢) Fe-Ls (90°).

Diese Komponente besitzt eine tiefere Bindungsenergie als die Hauptkomponente
dunner Filme, weshalb es mdglich ist, dass an der Grenzflache eine Reduktion und
somit ein Elektronentransfer vom Substrat zum Fe-Atom hin stattgefunden hat. Ein
Ladungstransfer ist als Ausgangszustandseffekt zu verstehen. Alternativ kdnnte
die Verschiebung zu niedrigerer Bindungsenergie auch von Endzustandseffekten
des PES-Prozesses, wie Abschirmungseffekte durch einen Ladungstransfer,
stammen.'®* Dies wurde fur FePc auf Ag(111) und den darin zitierten Werken dis-
kutiert.2*® Die schwache zusatzliche Grenzflachen-Komponente auf Au-Oberfla-
chen war ebenfalls fir das verwandte FePc feststellbar.18-186 Die nur teilweise
stattfindende Wechselwirkung auf Au(111) kann durch unterschiedlich stark wech-
selwirkende Adsorptionsplatze erklart werden.*®” Fiir den Peakfit des Fe2p Rumpf-
niveaus auf Au(111) wurde das Modell von Schmid et al.,'8% welches auf den Uber-

legungen Nefedovs beruht, angewendet.188
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Um weitere Informationen Uber die Wechselwirkung des zentralen Eisenatoms an
der Grenzflache zu erhalten, wurden mit XAS auch die unbesetzten Zustande un-
tersucht. Um die elektronische Situation an der Grenzflache richtig interpretieren
zu kénnen, ist es notig die Orientierung der Molekile auf der Oberflache zu ken-
nen. In allen drei Fallen (auf Au(111), Ag(111) und Cu(111)) liegen die Molekile
an der Grenzflache flach auf dem jeweiligen Substrat (Publikationen [2] und [6]).
Die Fe-L3 XAS-Spektren beider Einfallwinkel des Lichts auf Au(111) im 1-2 ML
Bereich (Abbildung 8b+c) ahneln den dinnen Filmen auf Ag(111) aus (Publika-
tion [6]). Bei 10° einfallendem Licht dominiert die A1 Komponente das Spektrum
deutlich, wahrend B2 bei 90° dominant ist. Die weiteren Strukturen A2, A3 und B1
sind auch wie von diinnen Filmen bekannt ausgepragt (Publikation [6] und Ref.139).
Es sind keine deutlichen Anzeichen fur eine starke Wechselwirkung wie bspw. La-
dungstransfer zu erkennen. Dahingegen unterscheiden sich die Spektren an der
Grenzflache zu Ag(111) und Cu(111) deutlich. Die Spektren bei 10° einfallendem
Licht werden von der im Spektrum auf Au(111) nicht auftretenden AO Komponente
dominiert. Wie in den Publikationen [2] und [6] und verwandten Systemen disku-
tiert, kann diese Struktur durch eine Hybridisierung von Orbitalen des zentralen
Metallatom und Orbitalen des Substrats als Folge einer Chemisorption von
FePcFis auf der Substratoberflache verstanden werden.3® Bei 90° einfallendem
Licht sind die Strukturen B1 und B2 auf Ag(111) deutlich schwacher als auf dem
schwachwechselwirkenden Au(111) (Abbildung 8c) und zwei andere Strukturen
bei 708,4 und 709,8 eV dominieren das Spektrum. Das schlechte Signal-Rausch-
Verhaltnis des 1-2 ML XAS-Spektrums bei 90° einfallendem Licht auf Cu(111) lasst
keine detaillierte Analyse der Ubergange zu, jedoch sieht es auch in diesem Fall
SO aus, als ware die B1 Komponente an der Grenzflache stark abgeschwacht und
auch die B2 Komponente bzw. der komplette Bereich zwischen 708 und 712 eV
hat eine deutlich andere Form als auf Au(111). Das zentrale Eisenatom scheint an
der Grenzflache auf Ag(111) und Cu(111) eine deutlich andere elektronische Kon-
figuration zu besitzen als auf Au(111). Dies kann durch eine Umverteilung der
Elektronen der 3d-Orbitale als Folge von Wechselwirkung an der Grenzflache
und/oder durch eine zusatzliche Besetzung von 3d-Orbitalen mit Elektronen als
Folge eines Ladungstransfers verstanden werden. Folglich ist das zentrale Fe-
Atom stark an der Wechselwirkung auf Ag(111) und Cu(111) beteiligt. Eine starke
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Beteiligung des zentralen Metallatoms an der Wechselwirkung wurde auch fir ver-
wandte TMPc/Metallsubstrat Systeme festgestellt.38 164 189

Zusammenfassend kann an dieser Stelle festgehalten werden, dass sowohl die
besetzten als auch die unbesetzten Zustande eine enorme Rolle bei der Wechsel-
wirkung von FePcFies auf den verschiedenen Substraten einnehmen. Wahrend die
Wechselwirkung auf Au(111) eher als schwach einzuordnen ist und hauptsachlich
im Fe2p Spektrum sichtbar wird, ist die Wechselwirkung auf Ag(111) und Cu(111)
sehr stark und kann sowohl im Fe2pas2 als auch des Fe-L3 XAS-Spektrums und fur

Ag(111) auch im VB (Publikation [6]) nachgewiesen werden.

3. Moglichkeiten zur Verhinderung der Grenzflachenwechselwir-
kung an der Grenzflache von TMPcs und Metallen

3.1 Verhinderung der Wechselwirkung zwischen TMPcFis (M = Fe,Co) und
Cu-Oberflachen durch O-Terminierung
Es gibt verschiedene Moglichkeiten zur Verhinderung der Wechselwirkung zwi-

schen organischen Molekilen und Metallsubstraten. Kupferoberflachen gehoéren
zu den reaktiveren Oberflachen auf denen héaufig starke chemische Reaktionen
beobachtet werden kénnen.5% 190-19 Eine der vielen Méglichkeiten chemischen Re-
aktionen zu unterbinden ist die gezielte Bildung einer Lage Sauerstoff auf der Kup-
feroberflache.% 197 Ein bekanntes und gut untersuchtes Beispiel ist die Sauerstoff-
terminierung von Cu(110) wodurch eine Cu(110)-(2x1)O Oberflache entsteht.197-
199 1n Publikation [5] wird diese Variante fur die Molekille FePcFis und CoPcFis
ausfuhrlich analysiert und diskutiert. In diesem Kapitel sollen die beiden Molekile
mit Blick auf die Verhinderung der Wechselwirkung an der Grenzflache durch eine
O-Terminierung der Cu(110) Oberflache diskutiert werden. Um eine Aussage Uber
die Verhinderung treffen zu kdnnen ist es notwendig die Molekulle auch auf der
reinen Cu(110) Oberflache zu untersuchen. FePcFis wurde ausfihrlich auf
Cu(111) analysiert (s. Kapitel 1-2). Da Cu(110) im Vergleich zu Cu(111) aufgrund
der verschieden dicht gepackten Atome eine hohere Reaktivitat aufweist, ist eine
Verhinderung der Wechselwirkung auf dieser Oberflache noch eindrucksvoller.2%°
Deshalb wurde darauf verzichtet FePcFis noch zusatzlich auf Cu(110) zu untersu-
chen.

Zuerst wird diskutiert, inwiefern die Stickstoff- und Kohlenstoffatome und somit

Atome des Makrozyklus an der Wechselwirkung an der Grenzflache beteiligt sind

22



und ob es durch die O-Terminierung gelungen ist, die Wechselwirkung zu verhin-
dern.

a) N-K XAS-Spektren b) Relative CN-CC Absténde
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Abbildung 9. Grenzflachenwechselwirkung der N- und CN-Atome von TMPcFs (M = Fe,
Co) auf verschiedenen Substraten im 1-2 ML Bereich: a) N-K XAS-Spektren und b) rela-
tive CN-CC Abstande im Vergleich dunner Film zu 1-2 ML ((AA(CN-CC) = A(CN-CC)(dun-
ner Film))-(A(CN-CC)(1-2 ML))) mit Fehlerbalken (absolute Breite 0,06 eV). Eine Zusam-
menstellung der relativen CN-CC Abstande aus den Abbildungen 7 und 9 ist im Anhang
als Abbildung A2 zu finden.

Wie in Kapitel 2 schon diskutiert, kann anhand des N-K XAS-Spektrums von
FePcFis auf Cu(111) eine Beteiligung der Stickstoffatome an der Grenzflachen-
wechselwirkung nachgewiesen werden (Abbildung 9a). Fur CoPcF16 auf Cu(110)
ist der Effekt noch starker ausgepragt als fir das FePcFis. Die Beteiligung der
Kohlenstoffatome an der Grenzflachenwechselwirkung wurde am deutlichsten an-
hand der relativen Verschiebung der CN-Kohlenstoffe im Vergleich zu CC-Kohlen-
stoffen an der Grenzflache im Vergleich zu dickeren Schichten gezeigt und in den
Publikationen [2] und [5] auch ausfuhrlich diskutiert. Auf den nichtterminierten Kup-
feroberflachen betragt die relative CN-CC Verschiebung beider perfluorierter
Phthalocyanine mindestens 0,2 eV (Abbildung 9b).

Betrachtet man die Auswirkung der O-Terminierung auf die Beteiligung der Stick-
stoff- und Kohlenstoffatome an der Wechselwirkung an der Grenzflache so erkennt
man deutlich Unterschiede zwischen den N-K XAS-Spektren beider TMPcF16 auf
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Cu(110)-(2x1)O und den Spektren der Systeme ohne O-Terminierung (Abbil-
dung 9a). Die Strukturen A und B sind intensiver und die Spektren weisen insge-
samt eine hohe Ubereinstimmung mit N-K XAS-Spektren diinner Filme bzw. unre-
aktiver Oberflachen auf, wie in den vorherigen Kapiteln diskutiert und literaturbe-
kannt.54 3% Dagegen ist dies bei den Kohlenstoffatomen weniger eindeutig. Der
relative CN-CC Abstand ist durch die O-Terminierung fir FePcFis geringer gewor-
den und befindet sich mit 0,1 eV im Bereich der schwach wechselwirkenden Sys-
teme (Abbildung 9b). Fir CoPcFi6 wird dieser Effekt jedoch nicht festgestellt. Der
relative CN-CC Abstand befindet sich mit 0,27 eV weiterhin im Bereich stark wech-
selwirkender Systeme und ist nahezu identisch zu dem relativen CN-CC Abstand
ohne O-Terminierung der Cu(110) Oberflache. Fiur beide Falle findet jedoch im
Vergleich zur jeweiligen dicken Schicht eine Umverteilung der Elektronendichte in-
nerhalb der verschiedenen Kohlenstoffatome statt.

Festzuhalten ist, dass sich die O-Terminierung unterschiedlich stark auf die Stick-
stoff- und Kohlenstoffatome beider Systeme auswirkt. Wéahrend die Stickstoff-
atome durch die O-Terminierung nicht mehr an der Grenzflachenwechselwirkung
beteiligt zu sein scheinen, findet in den Kohlenstoffatomen fir beide Falle offenbar
eine Umverteilung der Elektronendichte statt. Dieser Effekt ist bei CoPcFie jedoch
deutlich starker ausgepragt als bei FePcFis. Es wurde schon gezeigt, dass Phtha-
locyanine mit einem zentralen Cobaltatom starkere Wechselwirkung an Grenzfla-
chen aufweisen als mit einem zentralen Eisenatom.® Dies hat Auswirkungen auf
den jeweiligen Makrozyklus.

Um die Auswirkungen der O-Terminierung auf die Grenzflachenwechselwirkung
des zentralen Metallatoms zu untersuchen, wurden die Rumpfniveauspektren
Fe2ps2 bzw. Co2ps2 gemessen und als Vergleich jeweils Spektren eines dinnen
Films dargestellt (Abbildung 10). Fur FePcFis ergibt sich ein eindeutiges Bild (Ab-
bildung 10a). Das Fe2ps2 Spektrum des dinnen Films sieht aus wie fur diinne
Filme aus der Literatur fir FePc und FePcF1s bekannt.139-140. 148 \yerglichen mit dem
dinnen Film, wird das Fe2ps;2 Spektrum der 1-2 ML FePcFi6 auf Cu(111) von einer
Struktur bei deutlich niedrigerer Bindungsenergie, in etwa 707 eV, dominiert (Dis-
kussion s. Kapitel 2). Dahingegen ist im Fe2ps2 Spektrum der ~ML FePcFis auf
der Sauerstoff terminierten Cu(110)-(2x1)O Oberflache keine neue Struktur in die-
sem Bindungsenergiebereich erkennbar. Die spektrale Form sieht zudem sehr

ahnlich zu dem Fe2ps2 Spektrum des dinnen Films aus.
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Abbildung 10. Verhinderung der Grenzflachenwechselwirkung der zentralen Metalla-
tome von TMPcF (M = Fe, Co) auf Cu(110) und Cu(110)-(2x1)O im Vergleich zu einem
dinnen Film. a) Fe2ps». Rumpfniveauspektren von FePcFis und b) Co2ps» Rumpfni-
veauspektren von CoPcFis.

FUr CoPcFs stellt sich die Situation dahingegen anders dar (Abbildung 10b). Wie
beim FePcFis, sieht auch das Co2ps;z Spektrum des dinnen Films wie aus der
Literatur fur Cobaltphthalocyanine bekannt aus.66 201-203 Das Co2ps2 Spektrum
der ~ML auf Cu(110) wird von einer Struktur bei 778,4 eV dominiert: einer typi-
schen Bindungsenergie fur reduziertes Cobalt, wie von verschiedenen CoPcFx auf
stark wechselwirkenden Metallsubstraten bekannt (alternative Erklarung s. Kapitel
2 anhand des Fe).20%: 203205 Dije Intensitat oberhalb von 780 eV kann dabei der
komplexen Satellitenstruktur des Cobalts zugeschrieben werden.?%? Im Gegensatz
zum FePcFis ist die Reduktion des zentralen Metallatoms fur CoPcFis durch die
O-Terminierung nicht komplett zu verhindern. Im Co2ps;2 Spektrum ist bei ver-
gleichbarer Schichtdicke bei 778,1 eV noch eine intensive Struktur erkennbar. Ver-
glichen mit dem Co2pas;2 Spektrum der ~ ML auf Cu(110) ist die Intensitat oberhalb
von 780 eV jedoch deutlich héher. Folglich ist neben dem reduzierten Cobalt auch
noch Co?* vorhanden, wie es bspw. auch fir CoPcFie auf Kupfer interkaliertem
Graphen/Ni(111) gefunden wurde.®* Es findet also nicht zu allen Molekulen der
ersten ML auf Cu(110)-(2x1)O ein Ladungstransfer statt. Der Ladungstransfer

kénnte vom Adsorptionsplatz der Molekiile abhangen. Durch die O-Terminierung
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verandert sich die Reaktivitat der Kupferoberflache und es gibt deutlich unter-
schiedliche Adsorptionsplatze fur die Molekile aufgrund der (2x1)-Rekonstruk-
tion.2%® Die Auswirkung unterschiedlicher Adsorptionsplatze auf die Starke der
Wechselwirkung zeigte sich schon in einer sehr detaillierten Studie von 4’-(4-tolyl)-
2,2":6’,2"-terpyridine auf Au(111).87

Der Erfolg der O-Terminierung zur Verhinderung der Wechselwirkung vom Zent-
ralatom der TMPcs an der Grenzflache zu Kupferoberflachen hangt folglich stark
von der Wahl des metallischen Zentralatoms ab. Wéahrend die Wechselwirkung
von FePcFis durch die O-Terminierung grof3tenteils verhindert werden kann, gibt
es fiur CoPcFis auch nach der O-Terminierung noch deutliche Hinweise auf einen
Ladungstransfer. In Publikation [5] konnte der Unterschied zwischen diesen beiden
Molekilen auch Uber die unbesetzten Zustéande via XAS eindrucksvoll und aus-
fuhrlich gezeigt werden. Aus den schichtdicken- und winkelabh&ngigen XAS-Mes-
sungen wird ersichtlich, dass sich die Besetzung der 3d-Orbitale an der Grenzfla-
che fur FePcFis auf Cu(110)-(2x1)O nicht zum didnnen Film unterscheidet, wah-
renddessen bei CoPcFis auf beiden Substraten (mit und ohne O-Terminierung)
deutliche Unterschiede zum dinnen Film festzustellen sind. Da die O-Terminie-
rung dazu fuhrt, dass Cu-O Reihen auf dem Cu(110) Einkristall entstehen und
diese dabei die halbe Kristalloberflache besetzen (Abbildung 10a), kénnte man
darauf schlief3en, dass die Wechselwirkung des CoPcFis auf Cu(110)-(2x1)O mit
Atomen dieser Cu-O Reihen stattfindet. Fir andere organische Molekiile wie He-
xacen wurde dahingegen dargelegt, dass die O-Terminierung eine nahezu kom-
plette elektronische Entkopplung bewirkt.1%” Das deutlich andere Verhalten des
CoPcFis, verglichen zu anderen organischen Molekilen, kdnnte auf das halbge-
fullte 3dz2-Orbital, welches fir flach liegende Molekile in Richtung des Substrats
orientiert ist, zurtickzufihren sein. Sowohl experimentelle als auch theoretische
Arbeiten haben gezeigt, dass der Ladungstransfer durch eine Hybridisierung des
3dz2-Orbitals des Cobalts und Orbitalen des Metallsubstrats und einer daraus re-
sultierenden Bindung entsteht.56: 203, 205, 207-208 Der komplexe Ladungstransfer zwi-
schen Cu(110) bzw. Cu(110)-(2x1)O und CoPcFis konnte in Publikation [5] dar-
Uber hinaus auch mit VB-Messungen nachgewiesen werden. In Verbindung mit
den in diesem Kapitel diskutierten Ergebnissen konnte sogar eine Prognose uber
die Herkunft der verschiedenen Grenzflachenzustande in der Bandliicke gemacht

werden. So konnten die verschiedenen neuen Grenzflachenzustande teilweise
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dem Makrozyklus zugeschrieben werden, da dieser auf Cu(110) deutlich starker
an der Wechselwirkung beteiligt ist als auf Cu(110)-(2x1)0O.

Durch diese Ergebnisse kommt die Frage auf, ob der Ladungstransfer nur von den
Substraten auf die Molekile oder auch von den Molekilen auf die Substrate statt-
findet. Um diese Frage zu beantworten wurden auch Augerparameter der Flu-
oratome berechnet und in Publikation [5] ausfuhrlich diskutiert. Durch die Kombi-
nation aus XPS und Augerelektronenspektroskopie (XAES, engl. X-ray-excited Au-
ger Electron Spectroscopy) kénnen Ausgangs- und Endzustandseffekte unter-
schieden werden.?%%-214 Aus den schichtdickenabhangigen Spektren des F1s und
F KLL wurde der modifizierte Augerparameter und die dynamische Relaxationse-
nergie berechnet. Vergleicht man die dynamische Relaxationsenergie von 0,7 bzw.
0,4 eV fur Cu(110) und Cu(110)-(2x1)O mit den Rumpfniveauverschiebungen von
dinnem Film verglichen zur ML, so sollten sich die Rumpfniveaus in etwa um den
Betrag der dynamischen Relaxationsenergie verschieben. Jedoch konnte fir die
Cls und N1s Rumpfniveaus auf Cu(110)-(2x1)O nur eine Verschiebung um
0,2-0,3 eV und auf Cu(110) nahezu keine Verschiebung ermittelt werden (Publika-
tion [5]). Daraus lasst sich schliel3en, dass es einen starken gegensatzlichen Effekt
geben muss, der die Verschiebung zu niedrigerer Bindungsenergie an der Grenz-
flache kompensiert: ein Ladungstransfer vom Makrozyklus zum Substrat an der
direkten Grenzflache. Diese Art von Analyse geht lber viele Analysen zu Grenz-
flachenwechselwirkungen hinaus. Anhand dieser konnte eindrucksvoll gezeigt
werden, dass alle verschiedenen Atomsorten des Molekils an der Grenzflachen-
wechselwirkung beteiligt sind. Auf stark wechselwirkenden Substraten wie Ag(111)
oder defektreichem TiO2 wurde fur FePcFis zudem eine neue Komponente an der
Grenzflache entdeckt, die auf einer Fluor-Metall Bindung basieren kdnnte (Publi-
kation [6]+Ref. 140). Dies wurde bereits beim Erhitzen von Perfluoro-Pentacen auf
Cu(111) beobachtet und durch eine substratinduzierte Dekomposition erklart.?t>
Durch diese ausfuhrliche Analyse und Kombination verschiedener Methoden
konnte der komplexe wechselseitige Ladungstransfer durch Publikation [5] sehr

ausfuhrlich dargestellt werden.
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3.2 Verhinderung der Wechselwirkung zwischen CoPc und Au(111) durch
eine geordnete Monolage Hexabenzocoronen
Neben der O-Terminierung kann auch eine Monolage von Molektlen zur Verhin-
derung der Wechselwirkung an Grenzflachen eingesetzt werden.%! Als Puffer-
schicht stellt Graphen eine Alternative dar, jedoch sind extreme Préparationsbe-
dingungen nétig um Graphen auf Au(111) herzustellen.?'627 Eine sanftere und
einfachere Methode ist jedoch die Praparation einer gut orientierten ML HBC via
Aufdampfen mehrerer Lagen und darauf folgendem Heizen bis nur noch eine ML
Uber bleibt.?18-220 pyblikation [8] beschreibt die Mdglichkeit eine gut orientierte ML
HBC als Pufferschicht zwischen das stark wechselwirkende System CoPc/Au(111)
einzubringen. Dabei liegt der Fokus der Diskussion auf der Eigenschaft der ML
HBC die Wechselwirkung des Systems CoPc/Au(111) zu unterbinden. Die gut ori-
entierte ML HBC wird in Kapitel 5 in einem anderen Kontext genauer diskutiert.
Analog zu den Orientierungsdiskussionen aus den vorherigen Kapiteln ist ersicht-
lich, dass die CoPc Molekile sehr flach auf dem HBC/Au(111) Substrat liegen:
nahezu keine Intensitat von Absorptionsibergangen in m*-Orbitale ist in den XAS-
90°-Spektren zu erkennen und umgekehrt ebenfalls nur geringe Intensitéat von Ab-
sorptionsubergangen in *-Orbitale in den 10° Spektren (Abbildung 11a).
Wie in Publikation [8] anhand von STM- und LEED-Messungen ausfuhrlich gezeigt
und diskutiert, agiert die HBC-Pufferschicht als Templat fir das Wachstum der
CoPc Molekile. Zumindest in diinnen Schichten des CoPcs war eine hexagonale
Anordnung festzustellen, wohingegen CoPc und andere TMPcs fur gewdhnlich
eine quadratische Adsorptionsgeometrie aufweisen.?21-227
Um die Frage zu klaren, ob die HBC-Pufferschicht die Wechselwirkung zwischen
CoPc und Au(111) verhindern kann, werden die XAS-Spektren der N-K Absorpti-
onskante bei 10° und Co-Ls Absorptionskante bei 10° und 90° im Vergleich von
dinnem Film zur Grenzflache (1-2 ML) naher betrachtet (Abbildung 11b-d). Um
die Auswirkungen der HBC-Pufferschicht zu verstehen, ist es unerlasslich zu wis-

sen, dass CoPc auf Goldoberflachen eine sehr starke Wechselwirkung zeigt.14

186, 201, 203, 227-232
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Abbildung 11. N-K und Co-Ls XAS-Spektren von CoPc auf HBC/Au(111). a) Schichtdi-
cken- und winkelabhédngige N-K XAS-Spektren, b) Schichtdickenabhangige N-K XAS-
Spektren bei 10° einfallendem Licht, ¢) Schichtdickenabhéngige Co-Ls; XAS-Spektren bei
10° einfallendem Licht und d) Schichtdickenabhangige Co-Lz XAS-Spektren bei 90° ein-
fallendem Licht.

Die N-K und Co-Ls XAS-Spektren des dinnen Films weisen alle Strukturen (A-D
bzw. A, B1 und B2) auf, wie sie in der Literatur flr diinne Filme CoPc beschrieben
Werden_38, 142, 164, 232-233

Die Form der Co-Ls Spektren zeigt eine komplexe Multiplettstruktur, welche auf-
grund von 16 mdglichen Ubergangen des Absorptionsprozesses 2p®3d” - 2p®3d?
entsteht. Beide Absorptionskanten der 1-2 ML CoPc auf HBC/Au(111) weisen alle
aus dem diinnen Film bekannten Strukturen auf, es sind nur geringfiigige Ande-

rungen der spektralen Form erkennbar (Abbildung 11b-d). Dies zeigt, dass ein
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Ladungstransfer an der Grenzflache ausgeschlossen werden kann, wie fur das
ahnliche System CoPc auf goldinterkaliertem Graphen/Ni(111).234

Durch die HBC-Pufferschicht ist es folglich gelungen die starke Wechselwirkung
zwischen CoPc und Au(111) nahezu komplett zu verhindern. Um diesen Effekt zu
verdeutlichen, wurden ebenfalls XPS- und UPS-Messungen durchgefihrt, durch
diese ebenso gezeigt werden konnte, dass die Wechselwirkung zwischen CoPc
und Au(111) nahezu komplett verhindert wird (Publikation [8]).

4. Molekularer Austausch von Hexabenzocoronen und CoPc an
der Grenzflache zu Au(111)

Um die Stabilitdt der HBC-Pufferschicht zu untersuchen, wurde die Probe mit ei-
nem dinnen Film CoPc auf HBC/Au(111) bei verschiedenen Temperaturen ge-
heizt. Die gewdahlte Temperatur muss hoch genug gewahlt werden, um eine
Desorption der oberen Lagen CoPc zu bewirken. In diesem Fall wurde die Probe
auf 630 K geheizt. Bei tieferen Temperaturen sind nicht genug CoPc Schichten
desorbiert, um die Grenzflache gezielt untersuchen zu kdénnen. Es gibt viele Bei-
spiele von Bischichtsystemen zweier 11-konjugierter organischer Molekle, bei de-
nen schon bei tieferen Temperaturen eine Diffusion der oberen Molekile an die
Metalloberflache stattfindet.?3>23° Ob die Diffusion an die Grenzflache stattfindet,
hangt hauptsachlich von der Wechselwirkungsstérke der beiden Moleklle mit dem
Substrat ab. Die Wechselwirkung ist sehr komplex und resultiert aus mehreren
konkurrierenden Prozessen wie Ladungstransfer, Van-der-Waals Wechselwirkung
und Absto3ungseffekte (Pauli). Verschiedene Szenarien wurden in detaillierten
Untersuchungen diskutiert und dargelegt.38 139, 240-247 Diffysion kann hauptséachlich
stattfinden, wenn die Molekiil-Substrat Wechselwirkung der oberen Molekiile deut-
lich starker ist als die der unteren Molekiile.?35-238 248 Dijes kann sogar schon nahe
dem absoluten Nullpunkt bei 1,1K, wie anhand des Beispiels
PTCDA/CuPc/Ag(111) eindrucksvoll gezeigt, vorkommen.238 Ob eine solche Diffu-
sion stattfindet ist eine fundamentale Frage, die schon anhand vieler verschiede-
ner Bischichtsysteme adressiert wurde.?1® 237-238, 248-252 pyfferschichten zwischen
dem aktiven Material und dem Metallkontakt sind ein effizienter Weg um die Grenz-
flachen-Energetik zu verandern und Energiebarrieren fur Ladungstransfers durch

eine Reduktion der Austrittsarbeit zu Uberwinden.2%3-254 Eine Diffusion der oberen
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Molekile zum Metallkontakt wirde die gewlnschten Eigenschaften der Grenzfla-
che verandern und die Pufferschicht wére obsolet.

Die auf 630 K geheizte Probe wurde mit VB- und XAS-Messungen untersucht
(Publikation [8]). Dabei wurden eindeutige Hinweise auf eine Diffusion von CoPc
an die Grenzflache gefunden. In den VB-Spektren erscheinen nach dem Heizen
neue Zustande im Bereich der Bandlicke, wie es fiur CoPc auf Goldoberflachen
bekannt ist.164 166, 168, 203, 230, 255 Djes deutet auf eine starke Wechselwirkung der
CoPc Moleklle mit dem Substrat hin. Es kann jedoch nicht ausgeschlossen wer-
den, dass die HBC Molekile auch an dieser Wechselwirkung beteiligt sind.

Durch XAS-Messungen finden sich weitere Hinweise auf eine Diffusion der CoPc
Molekile an die Au(111)-Oberflache. Die winkelabhangigen Co-Ls der geheizten
Probe unterscheiden sich deutlich von den Spektren der ML CoPc auf
HBC/Au(111). Ahnliche Veranderungen in den XAS-Spektren wurden auch fir
CoPc auf reaktiven Metallsubstraten ausgemacht3® 63, 164,228, 232,256 nd deuten auf
einen direkten Kontakt der CoPc Molekile und der Au(111)-Oberflache hin. Folg-
lich verdichten sich die Hinweise, dass eine Diffusion der CoPc Molekile durch die
ML HBC stattgefunden hat. Eine ausfuhrliche Diskussion der VB- sowie der zuge-
horigen XAS-Spektren kann in Publikation [8] nachgelesen werden.

Um einen eindeutigen Beweis flr die Diffusion zu erhalten, wurden STM-Messun-
gen der geheizten Probe durchgefihrt (Abbildung 12). Auf der geheizten Probe
kénnen zwei verschiedene Strukturen im Verhaltnis von ungefahr 3:2 ermittelt wer-
den: die bekannte vierblattrige Struktur des CoPcs und die bekannte hexagonale
Struktur des HBCs (Abbildung 12a). Die dunklen Bereiche zwischen den Molekl-
len kennzeichnen freie Bereiche. Folglich ist keine dicht gepackte Lage mehr vor-
handen, wodurch die Molekile mobiler sind und deshalb auch leicht verschwom-
men wahrgenommen werden. Die Molekiile einer Sorte (CoPc oder HBC) schei-
nen geballt aufzutreten, jedoch gibt es auch einzelne Molekile zwischen den je-
weils anderen Sorten. Haufig bilden bimolekulare Schichten geordnete Strukturen
aufgrund von Molekiil-Molekil Wechselwirkung, Dipol-Dipol Wechselwirkung oder
Metallkoordinierung aus.?4% 257-260 Djeses Verhalten kann fiir CoPc/HBC nicht fest-

gestellt werden.
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Abbildung 12. STM-Aufnahmen der geheizten CoPc/HBC auf Au(111) Probe bei Raum-
temperatur. a) STM-Aufnahme mit U = 1,5 V und | = 950 pA, der Einschub ist ein vergro-
Berter Bereich aus Aufnahme a (U = 1,5V, | = 950 pA), b) Linienprofil aus dem Einschub
aus Aufnahme a und c) STM-Aufnahme mit U = 1,0 V und | = 800 pA. Eine positive Span-
nung bedeutet, dass Elektronen von der Spitze zur Probe flieRRen.

In dem Einschub in Abbildung 12a ist ein vergro3erter Bereich der Aufnahme dar-
gestellt. Aus dem Linienprofil dieses Ausschnitts wird deutlich, dass die CoPc und
HBC Molekile in einer Ebene auftreten und einen Hohenunterschied von etwa
30 pm aufweisen (Abbildung 12b). Der Héhenunterschied lasst sich durch die
scheinbare Hohe des zentralen Cobaltatoms aufgrund der Besetzung der d-Orbi-
tale (der TMPcs allgemein) und der damit verbundenen hohen lokalen Elektronen-
dichte erklaren.?61-262 Bei einem Vergleich der Abbildung 12a und 12c ist zudem
ein deutlicher Unterschied in der Helligkeit der CoPc Molekile festzustellen. Dieser
Effekt erklart sich durch die starke Abhangigkeit des zentralen Cobaltatoms von
der angelegten Spannung aufgrund der Besetzung der d-Orbitale.?6 263 So kon-
nen die scheinbaren Hohen der Molekiile je nach angelegter Spannung variieren.
Anhand dieser eingehenden Studie konnte durch Kombination verschiedener
Messmethoden eindrucksvoll gezeigt werden, dass die HBC-Pufferschicht die Dif-
fusion der CoPc-Molekile an die Au(111)-Oberflache bei einer Temperatur von
630 K nicht mehr verhindern kann und eine gemischte Monolage der beiden Mo-
lekule entsteht.
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5. Wachstum und Orientierung des nanographenartigen
Molekils Hexabenzocoronen und verwandter BN-Derivate

Fur die geeignete Wahl als Pufferschicht, jedoch ebenso direkt als Material fur
maogliche elektronische Anwendungen und als Ausgangsmaterial fir Graphen bzw.
BN-dotiertes Graphen, kommen die nanographenartigen Molektle HBC, BN-HBC,
BN-HBP und BsNs-Hexabenzotriphenylen-2H (BN-HBP-2H) in Frage (Abbildung
13). Dafur ist es unerlasslich, das Wachstumsverhalten und die elektronischen Ei-
genschaften dieser Molekile in dinnen Filmen und an verschiedenen Grenzfla-
chen ausfuhrlich zu betrachten. In den Publikationen [3], [4] und [7] sind sehr de-
taillierte und umfangreiche Studien zur elektronischen Struktur und zum Wachs-
tumsverhalten und Orientierung dieser Molekile in dinnen Filmen und an der

Grenzflache dargelegt. Dabei liegt der Fokus auf den Unterschieden durch die BN-

Dotierung und dem unterschiedlichen Grad der Planaritat der BN-Molekle.

HBC BN-HBC BN-HBP-2H BN-HBP

c42H18 B3N3C36H18 B3N3c36H22 B3N3C36H24

Abbildung 13. Darstellung der untersuchten nanographenartigen Molekile (v.l.n.r.):
HBC, BN-HBC, BN-HBP-2H und BN-HBP.

Fur eine mogliche Anwendung ist die Adsorptionsgeometrie und Orientierung in
diinnen Filmen relativ zur Substratoberflache von entscheidender Bedeutung.2%+
270 Fir das Wachstumsverhalten und die Orientierung der Molekile in dinnen
Schichten spielt die erste Lage an Molekulen eine entscheidende Rolle, da sie das
Wachstum in den weiteren Lagen maBRgeblich bestimmt,107-108

In Abbildung 14 sind STM-Aufnahmen hochgeordneter Monolagen von HBC, BN-
HBC und BN-HBP-2H auf Au(111) dargestellt. Die Monolagen wurden durch Auf-
dampfen von 2-3 Lagen und nachfolgendes Erhitzen auf 610 K hergestellt. Dieses
Vorgehen stellt eine einfache Mdglichkeit zur Herstellung exakt einer ML organi-

scher Molekule dar, da die erste Lage von organischen Molekilen auf Metallen bei
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einer hoheren Temperatur desorbiert als darauffolgende Lagen.?’*?7? Dies lasst
sich darauf zuriuckzufiuhren, dass in vielen Fallen die Wechselwirkung zwischen
Metalloberflache und Molekul starker ausgepragt ist als diejenige zwischen den
Molekilen. Leider war es nicht méglich bei Raumtemperatur von BN-HBP auf
Au(111) STM-Bilder zu erhalten. Es ist anzunehmen, dass die Nichtplanaritat und
der damit verbundene geringere Kontakt zum Substrat der Grund hierfur ist. So ist

die Molekil-Substrat Wechselwirkung geringer und die Molekiile sind mobiler.

BN-HBP-2H

Abbildung 14. Raumtemperatur-STM-Aufnahmen der nanographenartigen Molekiile auf
Au(111): @) HBC (U = 1,1 V, | = 700 pA), b) BN-HBC (U = -1,3 V, | = 630 pA) und c) BN-
HBP-2H (U =-1,3 V, | = 350 pA).

Anhand der unter den Molekilen liegenden herringbone Rekonstruktion des
Au(111) Substrats ist die Orientierung der Molekule einfach bestimmbar. Die HBC
Molekiile sind entlang der herringbone Rekonstruktion, folglich entlang der [112]-
Richtung orientiert (Abbildung 14a), wahrend sich BN-HBC und BN-HBP-2H um
30° verdreht anordnen ([110]-Richtung) (Abbildung 14b+c). Noch deutlicher wird
dies durch die zugehorigen LEED-Aufnahmen (Abbildung A3). Fir HBC und BN-
HBC wurden jeweils auch Doméanen, die um 30° verdreht angeordnet sind, gefun-
den. Die haufigere ist jedoch die jeweils in Abbildung 14 gezeigte Doméne. Diese
Beobachtung passt zur Literatur, in der auch von zwei um 30° verdrehten Doméa-
nen des HBCs berichtet wird.?18-220.273-274 Dgraus lasst sich schlieRBen, dass jeweils
eine bestimmte Domane energetisch bevorzugt wird, der energetische Unter-
schied jedoch nicht so grof3 ist, dass sich ausschlief3lich diese Doméane ausbildet.
Die Bestimmung des Winkels zwischen den Gittervektoren ' = 60° und der Gitter-
parameter a1 = a2 = 1,45 nm liefert Ubereinstimmende Ergebnisse mit STM als
auch LEED fur alle drei geordneten Monolagen. Das HBC orientiert sich also in
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einer (v27 x v/27)R30°-Uberstruktur, wéhrend BN-HBC und BN-HBP-2H eine
(5x5)-Uberstruktur bilden.

Fur BN-HBC konnte dargelegt werden, dass die bevorzugte Adsorption an Stufen-
kanten und den Ellenbogen der herringbone stattfinden (Publikation [3]). An diesen
Stellen ist die Molekul-Substrat Wechselwirkung am starksten, wodurch die Mole-
kule dort gut aufgenommen werden kénnen. Abseits dieser Stellen ist die Molekail-
Substrat Wechselwirkung schlicht zu schwach, um die Molekile an diesen Stellen
zu fixieren. Die praferierte Adsorption an den Ellbogen der herringbone Struktur
wurde fur weitere organische Molekule, u.a. aber auch BN-HBC, schon aufge-
zeigt.80. 275-278

HBC wurde schon haufig bezlglich seiner Orientierung auf verschiedenen Subs-
traten analysiert, wobei festgestellt wurde, dass das Substrat, sowohl im Monola-
genbereich als auch in dinnen Filmen, enorme Auswirkungen auf die Orientierung
der Molekiile hat,?2% 279-280 wobei die HBC Molekiile auf gut praparierten Einkristal-
len flach liegen.219-220. 279-281 Deshalb wird an dieser Stelle nur ein Vergleich der
drei BN-dotierten nanographenartigen Molekule mit unterschiedlichem Planaritats-
grad diskutiert. Um die Auswirkung des unterschiedlichen Grades der Planaritat
auf das Wachstumsverhalten und die Orientierung der drei Molekile zu untersu-
chen, wurden sehr ausfuhrliche winkel- und schichtdickenabhangige XAS-Mes-
sungen aller drei Absorptionskanten (B-K, C-K und N-K) auf Au(111) durchgefuhrt
(Publikation [4]) (Abbildung 15). Die XAS-Spektren wurden im Augerelektronen-
Modus (AEY, engl. Auger electron yield) aufgenommen. Somit unterscheiden sich
sich die mittleren freien Weglangen der Elektronen der drei vorhandenen Elemente
mit 1,7, 1,4 und 1,1 fur die N-K, C-K bzw. B-K Absorptionskante deutlich.**® So ist
es maoglich bei dickeren Schichten gezielt die Oberflache des organischen Films
zu analysieren.

Die XAS-Spektren aller drei Absorptionskanten des BN-HBCs zeigen einen
schichtdickenunabhangigen Dichroismus (Abbildung 15a+d+g): bei streifendem
Einfall des Lichts (20°) sind die Intensitaten der Ubergéange in m*-Orbitale maximal,
wahrend sie bei senkrechtem Einfall des Lichts (90°) nahezu verschwinden. Dies
lasst auf eine flach liegende Orientierung schlieen. Im ML-Bereich ist die Win-
kelabhangigkeit aller drei Absorptionskanten von BN-HBP-2H (Abbildung
15b+e+h) und BN-HBP (Abbildung 15c+f+i) &hnlich zu BN-HBC.

35



a) _BN-HBC b) BN-HBP-2H c) BN-HBP

N-K 20° N-K A N-K
80° 50° NK| A NK|
[T
n‘ / \\4-5 nm
J 4-5nm “W\f
%‘ . I
c
c
£
X
2 1,2 nm 1,2 nm
g , ~——
‘@ /J 1,2 nm
c S
(O I— e
£
/—\\ 0,35 nm
0,35 nm 0,35 nm Ll
j ozsm L
390 400 410 420 430 390 400 410 420 430 390 400 410 420 430
Photonenenergie (eV) Photonenenergie (eV) Photonenenergie (eV)
d) ' ' " e) " " T f) . . .
= = =
K] | I
‘ PR
4-5nm | / S~ 4-5nm
/\,—N om [ o~ o Nl
/\/\'/ - ‘j v
_fq:: L
o
c
£
X
: | S
= /\—N o J M s 1,2 nm|
gl L - )
=
N nm 0,35 nm J\//\/’\O?’S nm
280 200 300 310 320 280 200 300 310 320 280 290 300 310 320

Photonenenergie (eV) Photonenenergie (eV) Photonenenergie (eV)

e N

|k T ~45m

Intensitat (willk. Einheit)

\
M _J M ] Pt 1200
0,35 nm
05 A Sl

190 200 210 220 190 200 210 220 190 200 210 220
Photoneneneraie (eV) Photoneneneraie (eV) Photoneneneraie (eV)

Abbildung 15. Schichtdickenabhéngige XAS-Spektren aller drei K-Kanten (N-K, C-K, B-
K) der drei BN-dotierten Moleklle: a), d), g) BN-HBC, b), e), h) BN-HBP-2H und
c), f), i) BN-HBP.

Die Molekule liegen praferiert flach, wobei deutliche Intensitat im *-Bereich der

90° Spektren beider Molekule und in allen drei Absorptionskanten vorhanden ist.
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Dies deutet darauf hin, dass die Molekille schon im ML-Bereich einen hoheren
Kippwinkel aufweisen als BN-HBC.

Anhand der Intensitat im Bereich der 1*- Ubergange lasst sich auRerdem feststel-
len, dass der Dichroismus der N-K Absorptionskanten deutlich stérker ausgepragt
ist als bei den B-K und C-K Absorptionskanten. Beides kann eine Auswirkung der
verdrehten (nichtplanaren) Molekulform sein. Die lateral vorstehenden ,Flugel“ des
BN-HBPs bestehen aus reinen Biphenyleinheiten und somit nur aus Kohlenstoff-
atomen, wahrend der Borazinkern aus Bor- und Stickstoffatomen besteht. Die ver-
drehten Biphenyleinheiten sorgen auch fir eine Verdrehung des Borazinkerns. Ob-
wohl alle drei Molekdile in der ML flach liegen (bzw., der BN-Kern ist parallel zum
Substrat orientiert), entwickelt sich die Orientierung mit zunehmender Schichtdicke
indes unterschiedlich. Wahrend die BN-HBC Molekile bis zu einer Schichtdicke
von nominell 4-5 nm noch sehr flach liegen, sind die BN-HBP-2H und BN-HBP
Molekile an der Oberflache dieser diunnen Filme nahezu zuféllig, oder alle mit ei-
nem Kippwinkel nahe dem magischen Winkel, orientiert. Dies lasst sich mit XAS
nicht unterscheiden. Dabei behalten die BN-HBP-2H Molekule die flach liegende
Orientierung noch langer bei als die BN-HBP Molekiile. Folglich hat die Nichtplana-
ritat enorme Auswirkungen auf die Orientierung der Molekule in diinnen Schichten
und an der Grenzflache, jedoch ebenso auf die Molekil-Molekil Wechselwirkung,
wodurch die Molekdule ihre hohe flach liegende Orientierung im Monolagenbereich
in dickeren Schichten durch schwachere Molekul-Molekil Wechselwirkung verlie-
ren. Im Vergleich zu HBC scheint die BN-Dotierung des BN-HBCs nur geringe
Auswirkung auf die Adsorptionsgeometrie und Orientierung der Molekile zu ha-
ben.

Um die Auswirkungen der BN-Dotierung (HBC - BN-HBC) und des unterschied-
lichen Grades der Planaritat (BN-HBC - BN-HBP-2H - BN-HBP) auf die Mor-
phologie zu prufen, wurden AFM-Aufnahmen dinner Filme von nominell 4-5 nm
Dicke angefertigt (Abbildung 16). Schon auf den ersten Blick erkennt man deutli-
che Unterschiede in der Filmbeschaffenheit von HBC und BN-HBC in den gezeig-
ten Ausschnitten: HBC wéchst in Inseln mit einer H6he von bis zu 20 nm, dahin-
gegen erreichen die Inseln des BN-HBCs nur eine Hohe von bis zu 5 nm. Die In-
seln des HBCs wachsen separiert von den anderen Inseln (Abbildung 16a), wéh-

rend die Inseln des BN-HBCs nahe beieinander wachsen und teilweise mehrere
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kleine Inseln zu grél3eren Inseln aggregieren (Abbildung 16b). Neben der unter-
schiedlichen Hohe ist auch der Durchmesser der einzelnen Inseln des HBCs um
einiges grof3er als des BN-HBCs. Die HBC-Inseln haben einen durchschnittlichen
Radius von 0,07 bis zu 0,1 um. Beim BN-HBC ist dies nicht eindeutig bestimmbar,
da die Inseln sehr nahe beieinander wachsen und teilweise auch ,verschmelzen®.
Allerdings lasst sich aus dem Profil erahnen, dass die Inseln einen durchschnittli-

chen Radius von 0,02 — 0,03 ym besitzen.
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Abbildung 16. AFM-Aufnahmen von nominell 4-5 nm dicken Schichten von a) HBC, b)
BN-HBC c) BN-HBP-2H und d) BN-HBP auf Au(111) und die zugehorigen Hohenprofile.
Beide Moleklle zeigen deutliche Korngrenzen auf. Dies macht sich auch in der
Rauigkeit deutlich bemerkbar: das quadratische Mittel der Rauigkeit (RMS-Rauig-
keit, engl. root-mean-squared roughness) des HBCs betragt 4,7 nm, wahrend die
RMS-Rauigkeit des BN-HBCs 1,7 nm ergibt. Die deutlichen Korngrenzen beider
dinner Schichten lassen einen hohen Grad an Kristallinitdt vermuten. Das bevor-
zugte Inselwachstum beider Molektle spricht fir ein Volmer-Weber oder Stranski-
Krastanov Wachstum. Die STM-Aufnahmen (Abbildung 14) deuten eher auf ein
Stranski-Krastanov Wachstum hin. Dahingegen zeigen die Schichten von BN-
HBP-2H und BN-HBP keine deutlichen Korngrenzen auf (Abbildung 16c+d). Die
Schichten sehen gleichmaliger aus. Dies wird auch durch die Hohenprofile sehr
deutlich: im Vergleich zu den 20 bzw. 5 nm hohen Inseln des HBCs und BN-HBCs,
gibt es bei BN-HBP-2H und BN-HBP nur Héhenunterschiede von bis zu einem
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Nanometer. Deshalb ist die RMS-Rauigkeit mit ungeféhr 0,52 nm beider Molekile
auch deutlich geringer als die von HBC und BN-HBC. Verglichen zu BN-HBP ist
die Kérnung von BN-HBP-2H feiner, wodurch die Schicht gleichmaRiger wirkt.

Es kdnnen zwei wichtige Beobachtungen festgehalten werden:

1) Durch die BN-Dotierung des HBCs entstehen deutliche Unterschiede in der
Morphologie der beiden Molekdle. Ein moéglicher Grund ist die unterschied-
lich starke Wechselwirkung der Molekule untereinander.

2) Wird die Planaritat durch das Brechen der CC-Bindungen aufgelést, so
wachsen die Molekile nicht mehr in Inseln, sondern in gleichm&Rigen
Schichten mit geringer Rauigkeit.

Dies zeigt auch weshalb haufig von nominellen Schichtdicken gesprochen wird.
Bei einer starken Ausbildung von Inseln sind die Schichtdicken lokal deutlich ver-

schieden.

6. Elektronische Struktur des nanographenartigen Molektls He-
xabenzocoronen und verwandter BN-Derivate

6.1 Elektronische Struktur in diinnen Filmen

Um die Auswirkungen der BN-Dotierung und des unterschiedlichen Grades der
Planaritat auf die elektronische Struktur in diinnen Filmen zu untersuchen, wurden
XPS-Messungen dinner Filme HBC, BN-HBC und BN-HBP auf Au(111) durchge-
fuhrt (Abbildung 17). HBC besteht aus zwei Arten von Kohlenstoffatomen, welche
sich in unterschiedlicher chemischer Umgebung befinden: Kohlenstoffatome im In-
neren des Molekuls, welche nur zu anderen Kohlenstoffatomen gebunden sind
(CC) und Kohlenstoffatome auf3en am Molekdil, die auch zu Wasserstoffatomen
gebunden sind (CH). Diese Einteilung fiihrt zu einem stéchiometrischen Verhaltnis
von 24:18 (CC:CH), welches fur den Peakfit angenommen wurde. Die beiden Kom-
ponenten sind 0,27 eV auseinander, wobei der CH in Ubereinstimmung mit der
Literatur zu Graphennanobandern und Acenen bei niedrigerer Bindungsenergie
erscheint als der CC (Abbildung 17a, oben).?®2-284 Durch den Austausch des in-
neren Benzolrings (Cs) mit einem Borazinring (BsN3) (BN-HBC), sind zwei weitere
Kohlenstoffkomponenten fur den Peakfit zu berticksichtigen: Kohlenstoffatome, die
auch an Stickstoffatome gebunden sind (CN) und Kohlenstoffatome, die auch an

Boratome gebunden sind (CB).
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Abbildung 17. Rumpfniveauspektren diinner Fiime HBC, BN-HBC und BN-HBP auf
Au(111): a) C1s, b) N1s und c¢) B1s. Die Spektren wurden mit hv = 1487,7 eV gemessen.
Dartber hinaus konnte durch die Berechnung via Nattrlicher Populationsanalyse
(NPA, engl. natural population analysis), die von K. Greulich (AK Chassé) durch-
gefuhrt wurde, herausgefunden werden, dass CC-Kohlenstoffatome in der Nahe
zu Stickstoffatomen (CCN) eine geringere Bindungsenergie aufweisen als CC-
Kohlenstoffatome in der Nahe zu Boratomen (CCB). Diese verschiedenen Kohlen-
stoffkomponenten fuhren Zu einem stochiometrischen  Verhaltnis
CH:CCB:CCN:CB:CN von 18:6:6:3:3 fur BN-HBC und 24:3:3:3:3 fur BN-HBP, wel-
ches fur den jeweiligen Peakfit verwendet wurde (Abbildung 17a, mittig und un-
ten). Dies stellt eine Weiterentwicklung des Peakfits, welcher fir BN-HBC in frihe-
ren Publikationen verwendet wurde, dar (Publikation [3] und Ref.?8%). Ein Vergleich
des friher verwendeten und des weiterentwickelten Peakfits ist in Abbildung A4
dargestellt.

Durch die BN-Dotierung des HBCs zu BN-HBC wird der energetische Unterschied
zwischen den CH- und CC-Komponenten um 0,18 eV von 0,27 auf 0,45 eV erhoht.
Ein Vergleich des planaren BN-HBCs mit dem nichtplanaren BN-HBP zeigt inte-
ressante Trends: die Distanz zwischen N1s und B1s ist fur BN-HBC grol3er als fur
BN-HBP, ebenso verhalt es sich fur die CN- und CB-Komponenten des C1s
Peakfits. Zudem ist die Polaritat der B-N Bindung des Borazinkerns des BN-HBPs
hoher als fur BN-HBC. Dies zeigt deutlich, dass neben der BN-Dotierung auch der
Grad der Planaritat Auswirkungen auf die Elektronendichte an den verschiedenen

Atomen der Molekiile hat. Diese Beobachtungen werden durch das BN-HBP-2H,
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welches sich bei allen Trends zwischen BN-HBC und BN-HBP befindet, bestatigt
(Publikation [4]).

Zur Interpretation absoluter Bindungsenergien ist es bei Halbleitern vorteilhaft die
Bindungsenergien der Rumpfniveaus auf die HOMO-onsets zu beziehen, um ver-
schiedene Energieniveauausrichtungen vernachlassigen zu kénnen. Dafur wird
die Bindungsenergie des HOMO-onsets von der Bindungsenergie der CH-Kompo-
nente abgezogen (Tabelle A2). Aus den erhaltenen Werten ist ersichtlich, dass
die Bindungsenergie durch die BN-Dotierung um 0,23 eV abnimmt. Ein noch gro-
Berer Unterschied ergibt sich durch die Verdnderung des Grades der Planaritat.
Die Bindungsenergie des BN-HBPs ist um 0,42 eV geringer als die des BN-HBCs.
Der Grad der Planaritat beeinflusst die Bindungsenergie des C1s Rumpfniveaus
nahezu doppelt so stark wie die BN-Dotierung. Folglich nimmt die Elektronendichte
in den CH (und CC) Kohlenstoffatomen in der Reihe BN-HBP > BN-HBC > HBC
ab.

Zur Aufklarung der elektronischen Struktur der drei BN-dotierten Molekile in Ab-
hangigkeit des Grades der Planaritat wurden Messungen und Rechnungen mit
ORCA?6 und StoBe?®” der VB- und XAS-Spektren in Kooperation mit K. Greulich
(AK Chassé) und D. Bischof (AG Witte, Marburg) vorgenommen (Publikation [4]).
Details zu den Rechenmethoden kénnen Publikation [4] entnommen werden.
Hervorzuheben ist vor allem die Kombination aus experimentellen und berechne-
ten XAS-Spektren. Durch einen Vergleich der experimentellen und berechneten B-
K und N-K XAS-Spektren der BN-dotierten Molekiile konnten verschiedene Trends
beziglich der Intensitat verschiedener Strukturen in Abh&angigkeit der Planaritat
festgestellt werden (Publikation [4]). Analog zu den N1s und B1s Rumpfniveaus ist
die Photonenenergie des dominanten Absorptionsiibergangs von BN-HBC im N-K
XAS-Spektrum am héchsten und im B-K Absorptionsspektrum am geringsten. Fur
BN-HBP verhalt es sich genau umgekehrt und BN-HBP-2H liegt jeweils dazwi-
schen. Dariiber hinaus ist es moglich Strukturen in den C-K XAS-Spektren Uber-
gangen bestimmter Kohlenstoffatome zuzuordnen. Beispielweise befindet sich der
Absorptionsiibergang aus der CB-Komponente bei niedrigster Photonenenergie,
wéhrend fur einen Absorptionsiibergang aus der CN-Komponente die hochste
Photonenenergie vonnoten ist. Die am Absorptionsprozess der CN-Komponente
beteiligten Orbitale sind folglich energetisch am weitesten auseinander, wahrend

die der CB-Komponente energetisch am dichtesten zusammen liegen. Analog zu
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den C1s Rumpfniveaus sind die Absorptionstibergange der CB- und CN-Kompo-
nenten bei BN-HBC energetisch weiter auseinander als bei BN-HBP. Folglich be-
wirken die Unterschiede der Ausgangszustdnde (Rumpfniveaus) auch Unter-
schiede in den Endzustanden (Rontgenabsorption). Des Weiteren ist bei BN-HBP-
2H und BN-HBP nur eine dominante Hauptstruktur bei etwa 285 eV zu sehen, da
die Absorptionsuibergange der beteiligten Kohlenstoffatome energetisch sehr nahe
zusammenliegen. Bei BN-HBC kommt es aufgrund grof3erer energetischer Unter-
schiede in den Absorptionsprozessen der beteiligten Kohlenstoffatome zu einer
Aufspaltung der Hauptkomponente. Grund daftr sind dieselben Kohlenstoffatome
(in Publikation [4] als C2 und C5 bezeichnet), die auch bei HBC fur eine Aufspal-
tung der dominanten Struktur sorgen.?%8 Die beiden durch die CB und CN Kohlen-

stoffatome hervorgerufenen Strukturen sind folgerichtig bei HBC nicht zu sehen.

6.2 Elektronische Struktur an der Grenzflache zu Au(111) und Ni(111)

In Kapitel 5 wurde anhand der STM-Aufnahmen schon dargelegt, dass es Unter-
schiede in der Wechselwirkung der Molektle an der Grenzflache zu Au(111) gibt.
Dies wird durch XAS-Spektren aus Publikation [4] gestiitzt. Eine weitere sehr ein-
drucksvolle Mdglichkeit, um Informationen tber Wechselwirkung an Grenzflachen
zu erhalten stellt XPS dar. In der folgend diskutierten detaillierten XPS-Studie liegt
der Fokus auf dem Vergleich der Wechselwirkung an der Grenzflache zu einem
schwachwechselwirkenden Metallsubstrat (Au(111)) und einem starkwechselwir-
kenden Metallsubstrat (Ni(111)). Der Einfluss der BN-Dotierung und des Grades
der Planaritat wird durch einen Vergleich der Molekiile HBC, BN-HBC und BN-HBP
verdeutlicht. Wird der Adsorptionsprozess hauptsachlich durch Physisorption be-
stimmt, so sind in der Signalform an der Grenzflache im Vergleich zum dinnen
Film keine oder kaum Unterschiede auszumachen.107. 139. 289-291 Dominiert jedoch
Chemisorption den Adsorptionsprozess, so findet eine drastische Anderung der
Signalform bis hin zu neuen Komponenten und/oder starke Verschiebungen der
Bindungsenergie statt.166. 192, 207, 292 Dag Cls Spektrum des HBCs auf Au(111)
kann im Grunde mit demselben Modell beschrieben werden wie der zugehoérige
dunne Film (Abbildung 18a, oben). Es sind nur die zwei bekannten Komponenten
notig. Dahingegen muss fir BN-HBC und BN-HBP jeweils eine zusatzliche Kom-

ponente zu héherer Bindungsenergie hinzugefugt werden, um die experimentellen
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Daten zu beschreiben (Abbildung 18a, mittig und unten). Die N1s und B1s Rumpf-
niveaus der beiden Molekile kénnen dahingegen mit nur einer Struktur gefittet
werden (Abbildung 18b+c). Dies deutet darauf hin, dass zwischen den beiden
BN-dotierten Molekilen und der Au(111) Oberflache nur eine schwache Wechsel-

wirkung stattfindet.

1-2 ML auf Au(111)
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Abbildung 18. Rumpfniveaus von 1-2 ML HBC, BN-HBC und BN-HBP auf Au(111):
a) Cls, b) N1s und c) Bls. Die Spektren wurden mit hv = 1486,7 eV gemessen.

Die zusatzliche Komponente im C1s der beiden BN-dotierten Molekuile kénnte von
Molekilen, welche auf reaktiven Platzen wie beispielweise an der herringbone
Struktur der Au(111) Oberflache adsorbiert sind, stammen.'®” Im Falle des BN-
HBPs ist noch eine andere Tatsache in die Interpretation miteinzubeziehen: wie in
den vorherigen Kapiteln gezeigt, adsorbiert BN-HBP aufgrund seiner verdrehten
Struktur nicht komplett flach auf der Au(111) Oberflache. Folglich haben chemisch
gleiche Kohlenstoffatome unterschiedliche Abstédnde zur Substratoberflache,
wodurch sie einer unterschiedlich starken Wechselwirkung aufgrund des Abstands
unterliegen.

Um einiges komplexer ist die elektronische Situation an der Grenzflache zu Ni(111)
(Abbildung 19), einem sehr reaktiven Metallsubstrat. Es wurde schon in vielen
Experimenten eine starke Wechselwirkung zwischen organischen Molekilen und
Ni(111)-Oberflachen festgestellt und diskutiert,38 64, 293-294 weshalb Ni(111) Ober-
flachen auch als Katalysator fiir Oberflachenreaktionen Verwendung finden.295-302
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Die Signalformen aller Rumpfniveaus der drei Molekile verdndern sich an der

Grenzflache enorm.

1-2 ML auf Ni(111)
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Abbildung 19. Rumpfniveaus von 1-2 ML HBC, BN-HBC und BN-HBP auf Au(111):
a) Cls, b) N1s und c) Bls. Die Spektren wurden mit hv = 1486,7 eV gemessen.

Fur den Peakfit des C1s aller drei Moleklle mussten eine Asymmetrie und zusétz-
liche Komponenten verwendet werden, um die experimentellen Daten widerzuge-
ben (Abbildung 19a). Der verwendete Asymmetrie Parameter von 0,16 fur HBC
und 0,1 fiir die beiden BN-dotierten Molekiile ist in guter Ubereinstimmung mit ver-
wendeten Asymmetrie Parametern fir den Peakfit von Graphen auf Ni(111).303-304
Die Bindungsenergien der zusatzlichen Grenzflachenkomponenten GF bzw. GF1
des C1s konnte durch eine Fragmentierung und die der GF2-Komponente des
HBCs durch Nickelcarbid-Bildung erklart werden.3%® Im Falle des HBCs &ndert sich
dadurch das Intensitatsverhaltnis von CC:CH von 24:18 auf 24:13,9. Neben dem
C1ls andert sich auch die Form der Rumpfniveaus der beiden Heteroatome Stick-
stoff und Bor. Fur Stickstoff ist die elektronische Situation fir die beiden BN-dotier-
ten Molekile BN-HBC und BN-HBP sehr &hnlich: es ist jeweils eine Grenzfla-
chenkomponente bei hoherer Bindungsenergie vorhanden (Abbildung 19b). Der
B1ls ist jedoch komplexer und es gibt deutliche Unterschiede zwischen den beiden
Molekilen (Abbildung 19c). Analog zum N1s Rumpfniveau ist bei BN-HBC eine
zusatzliche Komponente zu héherer Bindungsenergie hinzuzufiigen. Fir BN-HBP
reicht eine zusatzliche Komponente zu héherer Bindungsenergie jedoch nicht aus.

Das Grenzflachenspektrum wird von einer neuen zu niedrigerer Bindungsenergie
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vorhandenen Komponente GF2 klar dominiert und die kleine GF1-Komponente,
die fir BN-HBC viel intensiver ist, spielt nur eine untergeordnete Rolle fur die In-
terpretation des Spektrums. Die GF2-Komponente wird mit gré3er werdender
Schichtdicke kleiner und im dinnen Film wird der B1ls schlussendlich von der B-
Komponente dominiert (Publikation [7]). Dartber hinaus mussten die Gaussbreiten
der Rumpfniveaus des BN-HBPs stark erhdoht werden, was durch Molekile, die
unterschiedlich stark mit der Ni(111) Oberflache wechselwirken, wie anhand des
B1ls festgestellt wurde, interpretiert werden kann. So kann es zu energetischen
Verschiebungen kommen, wodurch eine Komponente leicht unterschiedliche Bin-
dungsenergien aufweisen kann. Aus diesen Beobachtungen wird deutlich, dass
eine Fragmentierung der Molekiile an der Grenzflache zu Ni(111) in unterschied-
lich starkem Ausmal’ in Betracht gezogen werden muss, wahrend die Wechselwir-
kung an der Grenzflache zu Au(111) sehr schwach ist. Eine Fragmentierung orga-
nischer Molekile auf reaktiven Oberflachen ist keine Seltenheit. Dies wurde bei-
spielweise fur MnPc auf Ni(111) und Methylamin auf Pd(111) gefunden.29% 306

Die BN-Dotierung scheint kaum Einfluss auf die Wechselwirkung zu haben. Jedoch
spielt die Moleklilsymmetrie eine grof3e Rolle: anhand des Bls auf Ni(111) ist er-
sichtlich, dass die Wechselwirkung des BN-HBPs viel komplexer ist als die des
BN-HBCs. Das planare 1-konjugierte Kohlenstoffsystem kdnnte hierbei eine ent-
scheidende Rolle fiir die Stabilisierung des Molekiils an der Grenzflache darstel-
len. Eine ausfuhrlichere Diskussion der Grenzflachenwechselwirkung der ver-
schiedenen Molekile unter Einbezug einer weiteren Metalloberflache (Cu(111))
kann in Publikation [7] nachgelesen werden.

Zusammenfassend kann fur die (BN-)Nanographenmolekile festgehalten werden,
dass sowohl die BN-Dotierung als auch der Grad der Planaritat und damit die
Grolde des konjugierten 1T-Systems sowohl die elektronischen Eigenschaften, Mor-
phologie als auch das Wachstum bzw. die Orientierung der Molektle in diinnen
Filmen sowie an der Grenzflache stark beeinflusst. Die BN-Dotierung beeinflusst
dabei hauptséchlich die elektronischen Eigenschaften und Morphologie dinner
Filme, wahrend sich der Grad an Planaritat am starksten auf die Orientierung diin-

ner Filme und die Wechselwirkung an der Grenzflache auswirkt.
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Anhang
a) Zusatzliche Abbildungen und Tabellen

Tabelle Al. Bindungsenergien der Peakfitkomponenten der diinnen Schichten FePcFis
auf Ag(111), Au(111) und Cu(111) bei hv = 860/870 eV aus Abbildung 5 in eV. Die Lor-
entzbreiten sind jeweils 0,2 eV, Gaussbreiten variieren zwischen 0,96 und 1,04 eV, wobei

sie innerhalb eines Spektrums konstant sind.

Substrat CF Scr CN Scn CcC Scc

Ag(111) 286,98 288,68 286,01 287,85 284,91 286,57
Au(111l) 286,92 288,59 285,95 287,79 284,82 286,51
Cu(111) 286,86 288,53 285,89 287,73 284,76 286,45

N-K

FePcF, /
Cu(110)-(2x1)0

CoPcF,/
Cu(110)-(2x1)0

X

Intensitat (willk. Einheit)

Co-L, 2. Ordnung

CoPcF,/
Cu(110)

2.6 nm
400 410 420 430
Photonenenergie (eV)

Abbildung Al. N-K XAS-Spektren der dicksten Schichten MPcFis (M = Fe, Co) auf
Cu(110)-(2x1)O und Cu(110). Die Molekule aller drei Proben zeigen eine stark préaferierte

flachliegende Orientierung.
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Relative CN-CC Abstande
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Abbildung A2. Grenzflachenwechselwirkung der CN-Atome von MPcFi6 (M = Fe, Co)
auf verschiedenen Substraten im 1-2 ML Bereich: a) N-K Absorptionskanten und b) rela-
tive CN-CC Abstande im Vergleich dinner Film zu 1-2 ML mit Fehlerbalken (absolute
Breite 0,06 eV).

In Abbildung A2 kann anhand des relativen CN-CC Abstands gezeigt werden,
dass es moglich ist, flr verschiedene in dieser Arbeit diskutierte TMPcF1s/Substrat-
Systeme eine Unterteilung in schwach und stark wechselwirkende Systeme vor-

zunehmen. Dies scheint unabhangig vom Zentralatom (Fe oder Co) zu sein.



Abbildung A3. LEED-Aufnahmen der hochgeordneten Monolagen: a) HBC, b) BN-HBC
und c) BN-HBP-2H bei 24,5 eV gemessen. Die Verdrehung von BN-HBC und BN-HBP-
2H um 30° im Vergleich zu HBC wird deutlich ersichtlich. Zur Feststellung der Orientierung
wurden Aufnahmen bei 50 eV, bei denen die Au(111)- und Molekilreflexe sichtbar sind,

verwendet.
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Abbildung A4. Vergleich des friheren (unten) und des weiterentwickelten (oben) C1s-
Peakfits von BN-HBC.
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Tabelle A2. Bindungsenergien des Cls Rumpfniveaus (anhand der CH-Komponente)

bezogen auf den HOMO-onset in V.

BE(EF)  HOMO-onset BE (EF)-(HOMO-onset)

HBC 284,34 1,2 283,14
BN-HBC 284,51 1,6 282,91
BN-HBP 284,29 1,8 282,49
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ABSTRACT: The electronic structure of the central iron ion of perfluorinated iron
phthalocyanine (FePcF¢) in thin films has been studied on Cu(111) and Ag(111)
using polarization dependent X-ray absorption spectroscopy (XAS). The data are
compared to FePc on Ag(111). Ligand field parameters have been computed, and
multiplet calculations (CTM4XAS) were carried out to simulate XAS spectra. The
planar molecules are preferentially oriented lying flat on the substrate surface
during the growth of the 1—4 nm thick films. A clear polarization dependence of
the Fe L edge absorption spectra is observed, arising from transitions into orbitals
with in-plane and out-of-plane character. The shape of the spectra for three to four
monolayers of FePcF ¢ on Cu(111) is comparable to that of the thin films of FePc
on Ag(111). However, a drastic change of the XAS peak shape is observed for
thicker FePcFj4 films on both Ag(111) and Cu(111), although the molecular
orientation is very similar to coverages consisting of a few monolayers. Since in
both cases the film thickness is distinctly beyond the monolayer regime, interface

interactions can be ruled out as a possible origin of this behavior. Rather, the different XAS peak shapes seem to indicate that
the multiplicity may depend on the detailed arrangement of the FePcF 4 molecules. The large flexibility of the ground state of

Fe could be of high interest for spintronic applications.

1. INTRODUCTION

The recently increasing research efforts devoted to transition
metal phthalocyanines (TMPcs) and porphyrins (TMPors)
derive from their unique optical, electronic, and magnetic
properties.l’2 Fundamental magnetic interactions of TMPcs
were found on various types of substrates,” ® which may
support their application in molecular quantum devices. On
the other hand, the electronic configuration of the central
metal atom of some TMPcs is still not completely understood
and has been intensely debated in recent years, in particular, at
interfaces.” > An impressive example for their complex
electronic structure is iron phthalocyanine (FePc). The
electronic structure of Fe in FePc is discussed controversially,
and even a mixture of quintet and triplet ground states with
excited states energetically very close to the ground state was
predicted.”® More recent calculations have demonstrated that
only a small ligand field parameter region fits for FePc with the
(experimentally evidenced) spin state of S = 1.'*>**> This
indicates that the ground state of Fe may have a large flexibility
in ground state symmetries depending on the detailed
surroundings, described, e.g, by the ligand field. For related

i | © 2018 American Chemical Society
~g ACS Publications

trivalent iron porphyrins, it was shown that even a moderate
substitution at the macrocycle may affect the electronic
structure of the central metal atom distinctly.”® In Fe-based
metal—organic networks, a ligand influence on the electronic
structure was predicted,”” and also, Fe-based spin crossover
complexes are known from the literature.”®

The fluorination of TMPcs offers an ideal tool to modify the
ionization potential (IP) of the organic component, whereas
further electronic properties, such as the optical gap or the
composition of the HOMO and the LUMO, are less affected
(see, e.g., refs 29, 30). In addition, it was shown in the example
of VOPcF 4 and CoPcF4 that the fluorination may affect
distinctly the ordering in thin films and the ability to phase
transitions upon annealing.*"** While these aspects have been
known for a longer time, the impact of the fluorination on the
electronic structure of the central metal atom has received less
attention. We study experimentally the influence of the
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fluorination of FePc on the electronic structure of the Fe ion in
thin films grown on Cu(111) and Ag(111) single crystals using
X-ray absorption spectroscopy (XAS).

2. EXPERIMENTAL SECTION

X-ray absorption spectroscopy (XAS) measurements have
been performed at the WERA beamline at the Karlsruhe
Research Accelerator (KARA, Karlsruhe, Germany). The
energy resolutions were set to 220 and 340 meV at photon
energies of 400 and 710 eV, respectively. The absorption was
monitored indirectly by measuring the total electron yield
(sample current). The spectra were normalized to the same
step height. The energy was calibrated to reproduce the energy
of the Ni L; absorption of NiO at 853.0 eV. The substrates
were cleaned prior to organic film deposition by repeated
cycles of argon ion sputtering and annealing; the cleanliness
was checked by XPS. The stoichiometry was checked by
monitoring the intensity of C 1s, N 1s, and F 1s core level
spectra. FePcF; purchased from SYNTHON Chemicals
GmbH & Co.KG, was evaporated from a temperature-
controlled crucible with evaporation rates between 0.5 and
0.8 nm/min. The film thickness was estimated from both a
quartz microbalance and the XPS intensity ratios assuming
layer-by-layer growth in each step of deposition.

Geometry optimization and harmonic frequency calculations
have been carried out using the B3LYP functional and cc-
pVDZ basis set in the gas phase. Ligand field parameters have
been computed using a complete active space self-consisted
field (CASSCF), also accounting for dzrnamic correlation
(NEVPT2) as implemented in ORCA™ (for details, see
Supporting Information). All multiplet calculations were done
using the CTM4XAS package.”***

3. RESULTS AND DISCUSSION

If the molecular orientation of highly ordered films is known,
XAS provides comprehensive information about the unoccu-
pied electronic structure. For phthalocyanines, the polarization
dependence of N 1s—7* excitations can be used for the
analysis of the molecular orientation (e.g, ref 36). The
intensity of excitations from N 1s to a #* orbital is maximal if
the electric field vector of the incoming synchrotron light E is
parallel to the 2p, orbitals (i.e., vertical to the molecular plane),
whereas the transition to 6* is allowed for (components of) E
parallel to the molecular plane and thus to the chemical bond.

In Figure 1, we show angular dependent N K edge
absorption spectra for two film thicknesses of FePcF 4 on
Cu(111). We select the two prominent angles, normal (6 =
90°) and grazing (0 = 10°) incidence; the measurement
geometry is shown as an inset of Figure la. Spectral features at
photon energies < 402 eV correspond essentially to N 1s—z*
transitions, although we note that weak in-plane polarized
transitions may appear in the same energy range as the 7*
resonances.”

The shape of the N K XAS spectra in Figure 1 is typical for
phthalocyanines.” The maximal intensity at grazing incidence
indicates that the molecules grow with a preferred flat lying
adsorption geometry. Most important, the linear dichroism is
almost independent of film thickness. Therefore, we expect
such a distinct angular dependence also for Fe L edge
absorption spectra, as discussed below.

On the other hand, the normal-incidence XAS data of the
1.3 and 3 nm examples show some differences; the N 1s—z*
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Figure 1. N K edge X-ray absorption spectra for two different film
thicknesses of FePcF;4 on Cu(111) measured at normal (6 = 90°)
and grazing (6 = 10°) incidence of the incoming synchrotron light
(see inset of a)). The linear dichroism indicates almost flat lying
molecules in both cases.

resonances become well resolved and clearly visible at a film
thickness of 3 nm. This can be explained by a slightly increased
tilt angle with increasing film thickness, which might be caused
by the balance between the molecule—substrate and
intermolecular interactions (see, e.g., ref 36). The change in
the molecular orientation may introduce the transition of the
molecular arrangement.

Knowing that the molecules in thin films are highly ordered
and that the adsorption geometry is flat lying with respect to
the substrate surface, the angular dependence of L edge
absorption spectra of the transition metal of the TMPc can be
understood in more detail.” Using linearly, p-polarized
synchrotron radiation, at normal incidence (8 = 90°), we
preferentially probe transitions into orbitals lying in the
molecular plane (dxl_},2 and dxy), whereas at grazing incidence
(0 = 10°), transitions into orbitals with out-of-plane
components (d,,, d,, and d.?) determine the spectral shape.

In Figure 2, we compare polarization dependent L edge XAS
spectra of a 1.3 nm thick FePcF; film on Cu(111) (a) witha 3
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Figure 2. Polarization dependent Fe L edge XAS spectra of a 1.3 nm
thick FePcF ¢ film on Cu(111) (a) compared to FePc on Ag(111)
(b). Data for FePc/Ag(111) are taken from refs 39,40. The peak
shape is very similar indicating a similar electronic structure of Fe in
both cases.
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nm thick FePc film on Ag(111) (b). At the probed film
thickness of 1.3 nm, possible contributions from interactions of
the first monolayer are almost negligible, as can be seen, e.g,
for FePc on Ni(111).*" The 3 nm thick FePc film on Ag(111)
was chosen as an example for bulk-like FePc films on single
crystalline metal substrates; the XAS spectra on other
substrates, such as Au(100), behave very similarly.*” Data for
FePc/Ag(111) are taken from refs 39, 40. The spectra are very
similar in both cases; we will focus on the discussion of 2p;,,
excitations (L, edge). At grazing incidence, a feature Al with
maximal intensity at 707.1 eV dominates the spectrum,
polarized perpendicular to the molecular plane (z-polarized).
In contrast, features polarized within the molecular plane (xy-
polarized), probed at normal incidence, consist obviously of
manifold excitations with the maximum of B1 at 706.3 eV and
B2 at 709.5 eV. Since multiplet effects determine the shape of
XAS spectra of transition metal L edges, the ground state
electronic configuration cannot be obtained directly from the
spectra but might be discussed qualitatively. Most literature
agrees that in particular the d,2_p orbital lies much higher in
energy than the rest of the 3d states."> Therefore, two holes
can be expected in the d,>_? orbital with the highest energy for
all TMPcs. Transitions into this orbital may therefore
contribute to the broad bump in the region of B2 (xy-
polarized). The interpretation of Bl is more complicated; the
lower energy compared to B2 and the polarization dependence
within the molecular plane may however point to transitions
into a partially empty d,, orbital as suggested in ref 17. In this
manner, the z-polarized feature Al may point to transitions
into orbitals with out-of-plane components (d,?). However, we
note that the electronic structure is indeed more complex, and
most likely, mixed valences also have to be considered.'” Most
important, the comparison of the peak shape of FePcF 4 and
FePc in Figure 2 indicates that the electronic configuration of
the central Fe atom is similar in both cases.

Surprisingly, the angular dependence of the XAS spectra is
distinctly different for thicker films of FePcF,4 on Cu(111), as
shown in Figure 3a. Generally, the angular dependence is
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Figure 3. Polarization dependent Fe L edge XAS spectra of thick
FePcF 4 films: (a) 3.0 nm on Cu(111) and (b) 4 nm on Ag(111). In
both cases, a bulk-like behavior is expected. The peak shape is
distinctly changed compared to that of the thinner FePcF 4 film on
Cu(111) and FePc on Ag(111) (Figure 2), indicating a change of the
electronic structure most likely due to the detailed molecular
arrangement.

hardly visible, and the peak shape seems to be distinctly
broadened. Two main features might be identified with
maximal intensity at 707.3 and 710.0 eV, indicated by lines
in Figure 3a. Since the molecules are still highly ordered
(Figure 1b), this points to the presence of manifold empty 3d-
orbitals with both in-plane and out-of-plane character. The
situation is very similar for a 4 nm thick FePcFs film on
Ag(111); the corresponding polarization dependent Fe L edge
XAS spectra are shown in Figure 3b. Also in this case, we
conclude from N K edge XAS spectra that the molecules are
highly oriented, preferentially lying flat on the substrate
surface.

The question arises of what could be the origin for such a
drastic change of the shape of the Fe L edge XAS spectra.
Generally, a possible explanation is a change of the spin
multiplicity as a direct consequence of the fluorination. The
overall broadening of the features may point to the presence of
more holes in the respective d-orbitals, i.e., to a quintet state.
This might be supported by crystal field phase diagrams,”* in
which for FePc only a small parameter region fits to the spin
state of S = 1, depending on the predicted ground state.
Therefore, we calculated ligand field parameters with the
complete active space self-consisted field (CASSCF) method.
The results, summarized in Table S1 (Supporting Informa-
tion), reveal that the overall influence of the fluorination on the
ligand field of an FePc molecule is expected to be minor. The
calculated Ballhausen ligand field parameters Dq and Dt agree
well with values recently used for the multiplet calculations of
XAS spectra,'” whereas Ds is somewhat less than reported for
the FePc film.

Simulated polarization dependent Fe L edge X-ray
absorption spectra using ligand field parameters of ref 17 for
multiplet calculations (CTM4XAS) are shown in Figure 4
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Figure 4. Simulated polarization dependent Fe L edge X-ray
absorption spectra (black curves) compared with experimental spectra
(blue curves) for about 3 nm thick films of (a) FePc on Ag(111) and
(b) FePcFy¢ on Cu(111). Ligand field parameters Dq, Dt, and Ds of
ref 17 are used to simulate spectra of FePc (a). Although calculations
predict a minor influence of the fluorination on ligand field
parameters, Ds has to be lowered distinctly to obtain reasonable
agreement with experimental data for FePcF4 (b).

(black curves). The out-of-plane (z) and in-plane (xy)
components are compared to experimental data taken at
grazing and normal incidence of the incoming p-polarized
synchrotron light, respectively. In Figure 4a, we obtain a good
agreement with our data on FePc/Ag(111) (blue curves) and
thus also with the 1.3 nm FePcF film on Cu(111) (Figure 2).
Both the z-component (a) and the xy-component (b) of the
calculated spectrum is in reasonable agreement with
experimental data taken at grazing (10°) and normal (90°)
incidence of the incoming linearly polarized synchrotron light,
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respectively. However, to simulate spectra for the thicker
FePcFy4 films using CTM4XAS, all ligand field parameters
have to be varied over a broad range. If we vary Ds only, a
value as low as 0.3 eV would be needed to reach only a fair
agreement with the experiment. However, in order to simulate
the rather small experimental energy splitting between the
positions of the xy- and z-polarized contributions in the Fe-L
XAS of the thicker FePcF, films (see arrows in Figure 4), a
substantial reduction in the main ligand field splitting
parameter Dq has to be applied. We obtain a reasonable
approach to the experimental spectra by such an appropriate
reduction of Dq including a variation of the other Ballhausen
parameters, too, as shown by the simulated spectra for FePcF 4
in Figure 4 (black curves). Parameters are summarized in
Table S2. In addition, this Ballhausen parameter set and, in
particular, Dq for thicker FePcF 4 films now falls in the range
predicted for S = 2 spin states of Fe(II), while the one obtained
for FePc films (and the thinner FePcF films) falls in a
parameter region ascribed to S = 1 for Fe(Il).”*** Thus, the
observed change of the spectral shapes of the polarized Fe L
XAS in FePcF ¢ films points to a related change in spin state of
the Fe(II) from S = 1to S = 2.

Since such a drastic change of ligand field parameters is not
expected from the ligand field calculations for these molecules
in the gas phase (Table S1), we are left with the conclusion
that the detailed arrangement of the molecules in the film is
crucial for the electronic structure of Fe in FePcF,s The
impact of substituents on the spin state in organic molecules
including iron as Fe(II) has been discussed for some time and
has been related to the influence on intramolecular bonding.”®
Also, a change of the spin state due to electron doping and for
molecules in direct contact with a solid surface has been
reported.”'® Interestingly, the electron doping of FePc films
using alkali atoms results in a transition of Fe(II) from triplet
to quintet spin states.'® However, here we report clear
evidence of the influence of the molecular packing on spin
states, which was hardly recognized so far.

B SUMMARY

We studied the electronic structure of the central iron ion of
perfluorinated iron phthalocyanine (FePcF4) in thin films
using polarization dependent X-ray absorption spectroscopy
(XAS). The data are compared to FePc. For all studied films,
the molecules are oriented preferentially lying on the substrate
surface, enabling a comprehensive analysis of the (unoccupied)
electronic structure of Fe as a function of the film thickness.
Slightly increased tilt angles were observed with increasing film
thickness, which may affect the detailed molecular arrange-
ment.

Whereas the shape of the XAS spectra for three to four
monolayers of FePcF,4 on Cu(111) is comparable to those of
thin films of FePc on Ag(111), a drastic change of the XAS
peak shape is observed for thicker FePcF 4 films on both
Ag(111) and Cu(111). Since in both cases the film thickness is
distinctly above the monolayer regime, interface interactions
can be ruled out as a possible origin of this behavior.
Calculations or molecules in the gas phase reveal that the
overall influence of the fluorination on the ligand field of a
FePc molecule is expected to be minor. On the other hand,
whereas spectra of FePc are well described by known ligand
field parameters, they have to be varied over a broader range to
simulate spectra for FePcFs in thicker films. Thus, the
different XAS peak shapes seem to indicate that the spin
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multiplicity depends on the detailed arrangement of the
FePcF 4 molecules. To describe the electronic structure more
exactly, further theoretical approaches are needed. The large
flexibility of the ground state of Fe could be of high interest for
spintronic applications.
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Interaction Channels Between Perfluorinated Iron

Phthalocyanine and Cu(111)

Axel Belser, Reimer Karstens, Peter Nagel, Michael Merz, Stefan Schuppler,

Thomas Chasse, and Heiko Peisert™

The initial growth and interfacial electronic structure of perfluorinated iron
phthalocyanine (FePcF;¢) on Cu(111) has been studied using X-ray photoelectron
spectroscopy (XPS) and polarization dependent X-ray absorption spectroscopy
(XAS). The planar molecules are oriented preferred flat lying on the substrate
surface during the growth of the first layers while the tilt angle is increased in
thicker films. A clear interaction at the interface is observed, involving both the
central metal ion and the macrocycle. At monolayer coverages, the Fe2p
spectrum shows an interface signal at 707.1 eV, while the C-N component of the
Cls spectrum is distinctly shifted with respect to the thicker films. In addition,

many cases the charge transfer is expected to
be bidirectional."*® Due to its flexibility in
the spin ground state, iron complexes might
be of particular interest in the view of
electronic properties.'**?) Compared to
other metal substrates, less attention was
paid to iron phtalocyanines on copper
substrates.” % For FePc on Cu(111), a
charge transfer from the substrate to the
molecule was reported.*"**!

The aim of our study is the investigation

the nitrogen atom is involved in the complex interaction (including charge
transfer), best visible in the change of the shape in the i resonance of N K edge

spectra recorded from molecules at the interface.

1. Introduction

Transition metal phthalocyanines (TMPcs) represent a group of
molecules with promising magnetic, optical, and electronic
properties.!"?! They are of common interest for opto-electronic
devices such as solar cells, field-effect transistors, light-emitting
diodes, and spintronic devices.>® On many substrates, phtha-
locyanines form highly ordered thin films, which are of high
importance for applications in organic electronics. Depending on
the transition metal and the substrate, TMPcs may show distinct
interactions at the interface, affecting also the magnetic and
electronic properties at the interface to the substrate.**?
Different interaction channels are known for phthalocyanines,
involving both the central metal atom and the macrocycle — in
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of interface properties of perfluorinated
FePcF;s on Cu(111). For applications,
perfluorinated TMPcs have shown high
stability and performance in air and they
are used as n-type channels in electronic
devices.”**) The fluorination allows a
tuning of electronic properties such as
the ionization potential of the molecule and
may affect interface properties such as
dipoles and/or charge transfer distinctly.!'-2%%’]

2. Experimental Section

X-ray absorption spectroscopy (XAS) and X-ray photoelectron
spectroscopy (XPS) measurements have been performed at the
WERA beamline at the Karlsruhe Research Accelerator (KARA,
Karlsruhe, Germany). The base pressure in the preparation and
analysis chambers are <310~ 'mbar. The energy resolution
was set to 220 and 340 meV at a photon energy of 400 and 710 eV
for XAS and to 625, 375, and 188 meV at a photon energy of 860,
500, and 385eV, respectively. The photoemission core level
spectra were calibrated with respect to the Cu 3ps/, peak of the
substrate at 75.2eV. Polarization dependent X-ray absorption
spectra were acquired at different angles of the incident
p-polarized light with respect to the surface plane (with 6=
90° — normal incidence, 10° — grazing incidence) in both total
electron yield (TEY, drain current) mode. For background
correction, the photon flux 1, of the incident synchrotron light
was monitored using a gold mesh. The spectra were normalized
to the same step height. The energy was calibrated to reproduce
the energy of the Ni L; absorption edge of NiO at 853.0€V. The
substrate was cleaned prior to organic film deposition by
repeated cycles of each 30min argon ion sputtering with a
pressure of 5 - 10~> mbar and annealing at 500-540 °C. Typically
5-7 cycles are needed; the cleanliness was checked by XPS. The
stoichiometry was checked by monitoring the intensity of Cls,
N1s, and Fls core level spectra. FePcFis purchased from

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

75



ADVANCED
SCIENCE NEWS

piss’

www.advancedsciencenews.com

SYNTHON Chemicals GmbH & Co. KG, was resublimed and
thoroughly degassed in vacuo. The molecules were evaporated
from a temperature-controlled crucible with evaporation rates
between 0.5 and 0.9nmmin ', The film thickness was
estimated from both a quartz microbalance and the XPS
intensity ratios assuming layer-by-layer growth in each step of
deposition. Measurements on different sample positions ensure
the absence of radiation damaging. Photoemission data were
reproduced in the home-lab (Figure S2, Supporting Informa-
tion) using a multi-chamber UHV system (base pressure of
2 x 10" "”mbar) equipped with a Phoibos 150 Hemispherical
Energy Analyzer (SPECS), X-ray source with monochromator
(XR 50M, SPECS), and an Ultraviolet source (UVS 300, SPECS).

Peak fitting of C1s core level spectra was performed using the
software Unifit 2018.%%1 A Shirley model background and a Voigt
function, that s, a convolution of a Lorentzian and Gaussian line
profile, was used. The background simulation is integrated in the
fitting procedure. The Lorentzian peak width is related to the
(core-hole) lifetime broadening, while the Gaussian width is
usually attributed to the experimental resolution of the
spectrometer. Further experimental artefacts, such as an unequal
environment of the considered atom, different adsorption sites
or small layer dependent energy shifts, are assumed to
contribute to the Gaussian line width.

3. Results and Discussion

3.1. Growth and Molecular Orientation

For studying the molecular orientation of organic molecules
on various substrates polarization dependent XAS is a very
useful tool.?) For example, in a planar conjugated carbon
system the excitation from C1s to a 7" orbital is strongest for E
vertical to the molecular plane (parallel to 2p,), whereas the
transition to ¢* is strongest for E parallel to the molecular
plane and to the chemical ¢ bond. For phthalocyanines,
besides C1s-n* in a similar manner also N1s-n* excitations can
be used for the analysis of the molecular orientation,?%
avoiding problems of the analysis of Cls-n* spectra arising
from common carbon contaminations for example of beam-
line components. For studying the growth mode of FePcF;¢ on
Cu(111) we show polarization dependent N K edge XAS
spectra of different film thicknesses in Figure 1. The region
below 403 eV corresponds almost to n*-transitions, while the
region above 403 eV photon energy belongs to o*-transitions,
although we note that weak in-plane polarized transitions
appear below 403 eV, too.[**~3%

Generally, a sensitive balance between molecule-substrate
interactions and intermolecular forces controls molecular
ordering on a surface. The interaction strength at the substrate
surface depends not only on the material but also on the local
roughness of the substrate at the adsorption site. In former
works it was shown, that TMPcs are preferred lying in the first
layers on well-defined substrates like single crystals,?>*37 but
prefer a standing orientation on weakly interacting and rough
substrates like ITO or oxidized silicon.***"!

The N K edge spectra of Figure 1 show strong n*- and weak o*-
transitions for grazing incidence up to a thickness of 3nm
indicating a preferred lying orientation of FePcF;q at the
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Figure 1. N Kedge XAS spectra of four different film thicknesses of FePcF1q
on Cu(111) (a—d) at grazing (10°) and normal (90°) incidence of the
incoming synchrotron light. The measurement geometry is illustrated in (c).

interface to Cu(111). The comparable noisy spectra for
monolayer coverages do not allow a more detailed analysis of
the adsorption geometry. However, for the related FePc molecule
a flatlying adsorption geometry was observed on copper surfaces
using scanning tunneling microscopy, although a bending of the
molecule has to be considered in some cases.*"*?) However, this
signature changes for the 5.5nm thick film. The high =*-
intensities at normal incidence indicate molecules with a
distinctly higher tilt angle than in the thin layers. Under the
assumption of a uniform molecular tilt in the probed sample
area and depth an overall tilt angle can be calculated from the
angular dichroism.”” Assuming further azimuthal averaging,
we obtain tilt angles of 34° and 48° for the 3.0 and 5.5 nm film,
respectively. We note that even small systematic errors may
result in uncertainties, which are in particular large for small tilt
angles.?% Examples for systematic errors are weak in-plane
polarized transitions in the energy range of the ©* resonances*”
or the data normalization procedure.

Nevertheless, our data show clearly that the molecular
orientation changes with increasing film thickness. The reason
could be stronger intermolecular interactions at higher cover-
ages!™®*! as well as less influence of the substrate. These
intermolecular interactions seem to be dominant at higher
coverage, while at lower coverage the molecule-substrate
interactions play a significant role. We also recognize a change
in the form of the w*-signals, which will be discussed later.

In Figure 2 we show F K edge XAS spectra for three different
film thicknesses up to 3 nm, where the molecules are almost flat
lying (cf. Figure 1). Generally, the interpretation of the dichroism
of F K edges is more complicated, since both F1s-n* and F1s-0*
transitions are expected in the same energy range, already shown
in calculations and observed in different experiments.[**+*
For 1.2 and 3.0 nm thick films, intense features at about 689 eV
are clearly visible, apparently weakly depending on the angle of

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. XAS spectra of F K edge: (a) 0.5nm, (b) 1.2nm, and (c) 3.0 nm thick layers.

incidence of the synchrotron light. This feature consists of
transitions from F1s into both 7* and ¢* orbitals. The slight, but
reproducible energetic shift of the maximal intensity from
688.6 (grazing incidence) to 688.9 eV (normal incidence) may
indicate different underlying transitions depending on mea-
surement geometry. Obviously the normal incidence spectrum
of the 0.5nm film behaves different compared to all other
spectra; the dominant feature at about 689 eV is much weaker.
The weak intensity at normal incidence can be understood
taking into account the possibly different molecular structure of
adsorbed molecules directly at the surface. For perfluorinated
CuPc on Cu(111) and Ag(111), it was found that the molecules
of the first monolayer could be distorted. The fluorine atoms
reside 0.27 A above the benzene rings, resulting in an angle of

C1§ core Ie'vel @ hy = 385leV

a) & lcis] P

C1ls peak flts @ hy =385 IeV

0

c

=}

o

s

2

2

2

= CNCC

O.5n,rpﬁ,r

200 288 286 284 200 288 286 284
Binding energy (eV) Binding energy (eV)

Figure 3. Cls core level spectra of FePcFq on Cu(111) as a function of the
film thickness (a) and exemplary peak fits for a film thickness of 0.5 and
5.5nm (b).
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about 101.5° between the C—F bond and the surface, which
might be understood by a change from the sp” hybridization to
amore tetrahedral sp® symmetry.[*! As a consequence, the C—F
bonds are not parallel to the substrate surface anymore, the
different position of the fluorine atoms will result in particular
in weaker Fl1s o*-transitions at normal incidence. A second
reason for the weak intensity in the energy range between
687 eV and 690 eV could be the change of the overall electron
density distribution at the interface as a result of both the
distortion of the molecule and the strong interaction between
the molecules and the substrate.

3.2. Interface Properties

In this part, we will discuss different interaction channels of
FePcFy; at the interface to Cu(111). In Figure 3 and 4, we show
core level spectra of atoms of the macrocycle (C, N, F) at surface
sensitive excitation energies of 385, 500, and 860eV for Cls,
N1s, and Fls, respectively. Figure 3a shows the thickness
dependent development of the Cls spectra. Like for related
perfluorinated phthalocyanines,*® the Cls core level consists
of three main peaks, from high to low binding energy: carbon
bonded to fluorine (CF), carbon bonded to nitrogen (CN), and
carbon bonded to carbon (CC) and respective satellites (Scr,
Scns Scc)- It is obvious that there is a change in the peak shape
as a function of thickness, mainly indicated by a shift of the CN
component with respect to CC by 0.2eV (see solid line
Figure 3a).

For a better understanding exemplary peak fits of the thickest
and thinnest film were carried out (Figure 3b). A Shirley model
background and a Voigt profile (convolution of Gaussian and
Lorentzian peaks) were used, the energetic position of all
components is summarized in Table 1. Additional fit
parameters are summarized in Table S1 and S2 (Supporting
Information). For the 0.5nm thick film the intensity ratio

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

77



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

N1§ core Ieyel (@] hy = 500'eV F1s core level @ hv = 860 eV

a) N1s| b) F1s|
m
E 5.5 nm
=}
£
&
= 3.0nm
(72}
C
(0]
kS
1.2nm
0.5nm 0.5nm

692 690 688 686 684 682
Binding energy (eV)

402 400 398 3%
Binding energy (eV)

Figure 4. Core level spectra of the FePcF4 macrocycle as a function of the
film thickness: (a) N1s and (b) F1s.

CF + Scp/CN 4 Scn/CC+ Scc is 2/2.5/4.3, in reasonable
agreement with stoichiometry of carbon atoms in FePcFye.
This indicates that the macrocycle is still intact for molecules
adsorbed on the Cu(111) surface.

We note that the relative satellite intensity, energetic
position, and shape cannot be assumed to be constant for
each carbon component. For CuPcF; it was shown that
different values for the satellite intensities are explainable by
the atomic orbital composition of the HOMO and the
LUMO.”®! The high contribution of the carbon atom directly
bonded to nitrogen (CN) to both the HOMO and to the LUMO,
may explain the experimentally determined high intensity of
Scy in CuPcFy6. Moreover, at interfaces, photoemission
satellites might be (differently) quenched, for example, due
to an electronic interaction between the molecule and the
substrate.!*”*%

Comparing the two peak fits for the thick and thin layer in
Figure 3b, the CN component of the 5.5nm thick film has
much smaller intensity in respect to the CC and especially to
CF, the peak fit results in an intensity ratio CF + Scp/CN + Scn/
CC + Scc of 2/1.4/5.5. The larger deviation for the 5.5 nm film
can be explained by the high surface sensitivity at the chosen
excitation energy and the increasing tilt angle of the molecules
in thicker films. For CuPc it was shown that in the case of
adsorption geometries deviating from flat lying, the relative
intensity of components in Cls core level spectra is not
stoichiometric.?% Rather, the intensity of uppermost atoms is
increased for molecules with larger tilt angles with respect to
the substrate surface. For tilted FePcF;¢ molecules, we expect
that carbon bonded to fluorine (CF) will be more intense than

Table 1. Cls peak fit data of the 5.5 and 0.5 nm layers in eV.

Thickness [nm] ccC Scc CN Sen CF Scr
5.5 284.75 286.45 285.87 287.65 286.86 288.48
0.5 284.76 286.55 285.64 287.56 286.89 288.46
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carbon bonded to nitrogen (CN). Indeed, at higher excitation
energies the CC/CN/CF intensity ratio approaches the value
expected from stoichiometry (see in Figure S1 and S2,
Supporting Information). The peak shape and the fitting
results are comparable to CuPcF .12

In contrast to carbon, no clear hint for the involvement of
nitrogen and fluorine in the interaction the interface can be
obtained from the corresponding N1s and F1s core level spectra
(Figure 4a,b). The main N1s and F1s peaks of the thickest layer
are located at 398.7 and 687.3 eV, respectively. The small energy
shifts at lower coverages (see lines in Figure 4) can be explained
by screening effects of the photohole, often observed for organic
molecules at metal surfaces, such as perfluorinated phthalocya-
nine (ZnPcFy4) on Au(100).1*°!

Additional information about the interaction of nitrogen at
the interface can be obtained from XAS at the N K edge. In
Figure 5, we show the thickness dependent N K edge spectra,
zooming into the N1s-n* resonances at grazing incidence. Two
features at 398.1 and 400.8eV exhibit significantly lower
intensity for low coverages (solid lines in Figure 4). The peak
shape of Nls-r* transitions is affected by the hybridization
between wave functions of the d-orbitals of the central metal
atom of the phthalocyanine and nitrogen p-orbitals.”*>* The
decrease of the relative intensity of the two features at 398.1 and
400.8 eV at low coverages may point to a partial filling of the
corresponding orbitals and therefore indicates involvement of
nitrogen atoms in the interaction at the interface. We note that
this behavior is similar to FePc on Ag(111).%

N K edge @ grazing incidence

bNK
\
\
/\\/\

5

5.5nm

3.0 nm

A

1.2 nm

i

0.5nm

?

Normalized TEY (arb. units)

394 396 398 400 402 404 406
Photon energy (eV)
Figure 5. XAS N K edge spectra comparing different film thicknesses at

grazing incidence: zoom into the region of N 1s-rt* transitions. The changes of
the peak shape reveal an involvement of N in the interaction at the interface.
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The question arises whether only the macrocycle interacts
with the Cu(111) substrate. In Figure 6 thickness dependent
core level spectra of Fe2p are shown, measured at an excitation
energy of 860eV. At 0.5nm (1-2ML) coverage a feature at
707.1 eV dominates the spectrum (solid line), while at higher
coverages a dominant broad feature resides at higher binding
energies, resulting from the complex multiplet structure of
the Fe ion in the molecule. The complexity of this structure is
also expressed in energetic shifts and changes of the shape of
the broad multiplet feature comparing 1.2 and 3.0 nm thick
films. A possible reason is a change of spin state as discussed
in ref. [56]. However, the dominant feature at 0.5 nm coverage
results from an interaction between the central iron ion and
the copper substrate, as has been discussed for related
systems, such as FePc on Ag(111).2% We note that for FePc
monolayers on Cu(110) a change of the spin state from S=1
to S=0 was proposed as an origin for the change of the XPS
peak shape.l>”!

Further information about changes of the electronic structure
of the Fe ion in dependence on the film thickness can be
obtained from Fe L edge spectra. Fe L edge XAS spectra as a
function of the film thickness at grazing (out of plane
excitations) and normal incidence (in plane excitations) are
shown in Figure 7. Especially for grazing incidence (Figure 7a),
clear changes going from high to low coverages are visible. Two
different aspects have to be discussed: First, comparing 1.2 to
0.5nm coverages, only the spectra of the 1.2nm thick film in
Figure 7a,b are comparable to Fe L edge spectra of FePc in thin

Fe2pl core IeveTI @ hv = §60 <§V
Fe2p

Intensity (arb. units)
w
o
3

716 714 712 710 708 706 704
Binding energy (eV)
Figure 6. Fe2p core level spectrum of FePcF16 on Cu(111) as a function

of the film thickness, measured with hy=_860€V. An interface peak is
clearly visible at a coverage of 0.5 nm.
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Figure 7. XAS spectra of Fe L edge at (a) grazing and (b) normal
incidence. The feature AO can be understood by a hybridization of Fe and

substrate related orbitals, whereas the increasing complexity at higher
coverages point to a change of the spin multiplicity.

films. At monolayer coverages, a new feature A0 at higher
photon energies compared to Al appears at grazing incidence
which can be understood analogously to related systems®® by a
hybridization of Fe and substrate related orbitals, formed by the
chemisorption of the FePcF16 molecule on the Cu(111)
substrate. The second aspect is the drastical change of the
whole excitation signal for coverages higher than 1.2nm. At
3.0nm, new dominant features A3 (Figure 7a) and B3 appear at
higher photon energies, resulting in a drastic change of the
shape of the spectra compared to the 1.2 nm film and to FePc in
bulk-like films.*® This can be explained by a change of the spin
multiplicity of the central iron atom, possibly due to a change of
the detailed arrangement of molecules as a function of the film
thickness.”® The discussion of the Fe L edge spectra of the
thickest film (5.5 nm) is somewhat hindered by the change of the
molecular orientation, but also in this case the broad features
hint to a higher spin multiplicity compared to Fe in FePc.

4. Summary

The electronic structure and interface properties of FePcF; on
Cu(111) were analyzed. The molecules are almost flat lying on
the substrate surface until a film thickness of 3.0 nm, enabling a
detailed analysis of the electronic structure as a function of the
film thickness. The interaction at the interface involves both the
macrocycle (carbon and nitrogen) and the central metal ion of
FePcFy. Interface peaks were identified in photoemission and
X-ray absorption spectra, indicating a charge transfer from the
substrate to the molecule and a hybridization of molecule and
substrate related states. At higher coverages most likely the spin
multiplicity of the Fe ion changes.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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ABSTRACT: Electronic interface properties and the initial LumMo
growth of hexa-peri-hexabenzocoronene with a borazine core O ®
(BN-HBC) on Au(111) have been studied by using X-ray O O ? g. .
photoelectron spectroscopy (XPS), low-energy electron diffraction ey ,1 ,*.6
(LEED), and scanning tunneling microscopy (STM). A weak, but O O Au(111) T8 S0
non-negligible, interaction between BN-HBC and Au(111) was ".,:. ’
found at the interface. Both hexa-peri-hexabenzocoronene (HBC) ‘ :

and BN-HBC molecules form well-defined monolayers. The
different contrast in STM images of HBC and BN-HBC at
different tunneling voltages with submolecular resolution can be
ascribed to differences in the local density of states (LDOS). At
positive and negative tunneling voltages, STM images reproduce the distribution of the highest occupied and lowest unoccupied
molecular orbitals (HOMO and LUMO) as determined by density functional theory (DFT) calculations very well.

KEYWORDS: BN-doped hexa-peri-hexabenzocoronene, hexa-peri-hexabenzocoronene, interaction, photoemission,
low-energy electron diffraction, scanning tunneling microscopy, density functional theory

DFT

B INTRODUCTION is possible to tune the properties of nanographene molecules at
the molecular level and to achieve nanoscale control over their
self-assembly to form multifunctional (nano)materials.'

A promising pathway to modify the intrinsic electronic
properties of nanographenes is the substitution of C—C units
by isoelectronic and isosteric B—N units.'*~"® This includes
extended B/N/C graphene® and graphene-type nano-
meshes.”' Even the incorporation of the well-defined borazine
(B;N;) unit in the center of HBC (BN-HBC, Figure 1) is
synthetically feasible in an atom-precise manner.”” It was
shown that flat lying BN-HBC layers can be prepared on
Au(111) and that borazine doping leads to a tuning of the
band gap in the same energy range as of carbon-doped
hexagonal boron nitride (h-BN).*>* This observation is in
agreement with the conclusion that borazine substitution of an
aromatic ring in a nanographene should increase the HOMO—
LUMO gap.”**® The reason for this is rooted in the
electronegativity difference of boron, carbon, and nitrogen.
The borazine occupied 7 molecular orbitals are lower and the
unoccupied 7* orbitals are higher in energy than those of

Extended polycyclic aromatic hydrocarbons (PAHs), also
called “nanographenes”, recently attracted broad attention,
boosted by the experimental accessibility of graphene and
hexagonal boron nitride."”? Among others, PAHs can be
regarded as the starting Eoint for the bottom-up approach for
the graphene synthesis.” ® The possibly best-known repre-
sentative of this class of molecules is hexa-peri-hexabenzocor-
onene (HBC, Figure 1), a material that exhibits noble
electronic properties, such as a very high charge carrier
mobility.”* Possible applications of HBC in electronic devices
have been studied intensely.””~"" Through chemical design, it

EDAPPLIE]
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Figure 1. Hexa-peri-hexabenzocoronene (HBC) and the B;N;-doped
hexa-peri-hexabenzocoronene (BN-HBC).

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsami.0c02324
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Figure 2. BN-HBC core level spectra: (a) C 1s, (b) N 1s, and (c) B Is. In the upper panel we show a thick layer (>7 nm), in the middle panel an
evaporated ML, and in the lower panel an annealed ML. In the fit of the C 1s ML spectra an additional interface component was used.

Table 1. Peak Fit Data of the C 1s, N 1s, and B 1s Core Levels of the Thick Layer and the Evaporated and Annealed ML (in

eV)
B 1s N 1s Cl1s
layer CN CH CC CB
>7 nm 189.60 398.92 285.47 284.64 284.17 283.71
evaporated ML 189.30 398.64 285.17 284.26 283.79 283.40
annealed ML 189.21 398.57 285.12 284.22 283.76 283.36

benzene. Consequently, substitution of an aromatic ring that
has nonvanishing orbital coeflicients by a borazine ring will
alter the energy of the corresponding orbitals. In the case of
the HBC/BN-HBC pair, the substitution in particular changes
the nature of the lowest energy unoccupied molecular orbital
(LUMO).?® Therefore, we may expect that the molecular BN-
core does not at all contribute to the charge density
distribution related to this particular LUMO in the case of
BN-HBC. This opens up opportunities for local probes like
STM to sample and visualize differences in the internal
molecular electronic structure.

In this study, we visualize the change of the electronic
structure of HBC upon doping with a borazine core by STM.
In particular, we show that borazine substitution causes a
significant change in the unoccupied states that allows
visualizing the “borazine hole” in BN-HBC. Our study thus
directly demonstrates the dramatic effects of borazine doping
on the electronic structure that can only be inferred indirectly,
e.g., from optical spectroscopy.

B METHODS AND EXPERIMENTS

The Au(111) single crystal was cleaned by several cycles of Ar*-ion
sputtering and subsequent annealing. The sputtering was performed
at a voltage of 0.8 kV for typically 30 min at an argon partial pressure
of 5 X 107° mbar, and the annealing was performed for 30 min at a
temperature of 770 K. The cleanliness and orientation of the crystal
were checked by STM, XPS, UPS, and LEED.

The molecules were evaporated at rates of about 0.1—0.3 nm/min
determined by a quartz microbalance. During deposition, the crystal
was held at 293 K at a pressure of about 5 X 10~ mbar.

All experiments were performed in UHV systems with a base
pressure of 2 X 107'% mbar. The STM and LEED measurements were
performed in a two-chamber system equipped with a variable
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temperature (VT)-STM from Omicron NanoTechnology GmbH
and a LEED/AES spectrometer from OCI Vacuum Microengineering
Inc. For the STM measurements, mechanically cut Pt/Ir tips were
used. The sample and tip were held at room temperature, and all
given tunneling voltages are given with respect to the sample. On the
shown STM images, no smoothing or filtering was performed; the
WSXM program was used to improve the image contrast.”’

The XPS measurements were performed using a multichamber
UHV system equipped with a Phoibos 150 hemispherical energy
analyzer (SPECS) and an X-ray source with monochromator (XR 50
M, SPECS) and Al Ka radiation. The energy scale was calibrated
reproducing the binding energies (BE) of Au 4f,/, and Cu 2ps, at
84.00 and 932.56 eV, respectively. Peak fitting of XP spectra were
performed using the program Unifit, version 2018.>° A Shirley model
background and a Voigt profile (convolution of Gaussian and
Lorentzian peaks) were used for the peak fitting procedure of the core
levels. The Lorentzian width for C 1s, N 1s, and B 1s was set to 0.08,
0.10, and 0.07 eV, respectively, according to the literature.”” ' The
error of absolute binding energies is estimated to be less than
+0.05 eV.

For density functional theory (DFT) calculations, the ORCA
program was used.”> The B3LYP/def2-SVP basis set’>>* was used
for the geometry optimization and the calculation of electronic states
of both HBC and BN-HBC. Chemcraft was used for the visualization
of the frontier orbitals calculated by DFT. To produce highly ordered
monolayers, multilayers of BN-HBC were evaporated on the Au(111)
single crystal, followed by an annealing of the sample to 610 K for
about 15 min. The measurements were made at 293 K.

B RESULTS AND DISCUSSION

Interface Electronic Properties of BN-HBC on
Au(111). For the interpretation of STM images, a thorough
characterization of the strength of the interaction between the
molecule and the substrate is needed. For such investigations,
XPS is a useful tool. As example, for chemisorbed pentacene on

https://dx.doi.org/10.1021/acsami.0c02324
ACS Appl. Mater. Interfaces 2020, 12, 19218—19225
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copper surfaces, the presence of an additional, intense carbon
component is observed at the interface, attributed to a
relatively strong substrate—molecule bond.**™**

In Figure 2, we show XPS core level spectra of differently
prepared BN-HBC monolayers and compare them to spectra
of a several nanometers thick multilayer film on Au(111). For
the more than 7 nm thick film, effects of the interface on the
peak shape can be neglected. Whereas N 1s and B 1s spectra
can be described by a single component, chemically
inequivalent carbon species have to be considered in the
C Is spectra. Similar to ref 23, we distinguish in Figure 2a
between carbon bonded to hydrogen (CH), to other carbon
(CC), to nitrogen (CN), and to boron (CB). The intensities
were fixed as expected from stoichiometry 18:12:3:3. The
binding energies of all peaks are summarized in Table 1; the
corresponding Gaussian widths are given in Table S1
(Supporting Information). The binding energies of the
components of the C Is spectrum for the thin film are in
good agreement with the recently published data,”> whereas
values for monolayer coverages are slightly (about 0.2 eV)
lower than reported. We note that due to significantly
enhanced accessibility of molecules, the procedures for
preparing monolayers exactly have recently been much
improved. The observed energetic shifts of the monolayer
peaks to about 0.3—0.4 eV lower binding energies with respect
to the thick layer for all three core levels can be ascribed to a
screening of the photohole at the interface to the metal,
intensely studied for interfaces between rare gases and
metals.>”*" Effects of the same magnitude were observed for
many related organic—metal interfaces.*"** Interestingly, the
Gaussian widths for all components of the C 1s, N 1s, and B 1s
spectra are slightly (0.15—0.18 eV) higher compared to the
monolayers (cf. Table S1), possibly due to different electronic
environments arising from a lower degree of ordering in
thicker films.

We note that for the C 1s peak fit of the monolayer systems
an additional component of very low intensity was inserted at a
binding energy between the CH and CN components (gray
component in Figure 2a). This component might be explained
by molecules adsorbed at more reactive sites like steps or
vacancies, as observed for rare gas—metal interfaces™ or
related organic—metal systems.** Also, in N 1s and B Is
monolayer spectra we note some additional intensity at the
high-energy tail of the peak maximum, which is, however, in
the range of the noise. Thus, we observe a very weak, but not
fully negligible, interaction between BN-HBC and the gold
substrate.

Most important, the fitting results for the annealed and the
evaporated monolayer are very similar. The peak shape is
almost the same, just slightly lower binding energies of all three
core levels (less than 0.1 eV) are observed for the annealed
monolayer. This indicates that the annealing procedure does
not affect the electronic structure of the interface significantly.

Adsorption Geometry and Electronic Structure of
BN-HBC on Au(111). Although it is already known that BN-
HBC adsorbs in a flat-lying manner on Au(111),” the detailed
adsorption geometry was not studied so far. On the other
hand, the structural ordering of the first monolayer is very
important because it determines the interfacial electronic
structure and may affect the structure and ordering of
subsequent layers.”

Submonolayer Coverages. To shed light on the early
stages of BN-HBC film growth, STM measurements on
samples with different BN-HBC coverages were performed.

First, a submonolayer BN-HBC was deposited at 293 K on
Au(111). Two representative STM images are shown in Figure
3, zooming at a step edge and a wide terrace of the Au(111)

Figure 3. STM images of BN-HBC/Au(111) in submonolayer
coverage (nominal coverage 0.2—0.3 monolayers). (a) A BN-HBC
island which is found near the step edge after deposition of BN-HBC
(U =13 V, I = 330 pA, measured at room temperature). (b)
Constant height image of individual BN-HBC molecules adsorbed on
Au(111) (U = 1.3V, I = 500 pA).

substrate. The well-known features of the herringbone
reconstruction on Au(111) remain present and may be well
recognized in both images. Clearly visible in Figure 3a, the
molecules are preferably adsorbed at edges of monatomic steps
on narrow terraces, which act as nucleation sites for the
formation of islands. In these islands, the molecules retain the
adsorption geometry of the first row; subsequent rows are
aligned along the direction of the step edge. Nucleation along
step edges or other substrate inhomogeneities has been
observed for many organic molecules on a variety of
substrates’®*” due to the commonly higher adsorption
energies at atomic steps and other coordinatively unsaturated
sites.”> When increasing the coverage, atoms or molecules
adsorbed on these sites can act themselves as nucleation center
for the growth of islands or clusters, which results in the
formation of 2D islands. Related ordered structures of BN-
HBC near the step edge are visible in Figure 3a.

On the other hand, on larger (111) terraces, islands of
ordered molecules could not be imaged for submonolayer
coverages at room temperature. An ordered BN-HBC layer
only forms when the monolayer is closed. Similar growth
modes are often observed for polyaromatic hydrocarbons
(PAHs), including hexa-peri-hexabenzocoronene (HBC)."* ™'
Such observations are often explained by very weak
intermolecular interaction or even by repulsive forces between
the molecules. If both attractive molecule—molecule and
molecule—substrate forces are weak, the molecules might be
too mobile for imaging by STM at room temperature.’”
Therefore, the presence of (isolated) BN-HBC molecules at
room temperature for submonolayer coverages in Figure 3b
indicates that the interaction between BN-HBC and the
Au(111) surface is strong enough to keep the molecules fixed
on terrace sites for monitoring by STM.

In Figure 3b, the BN-HBC molecules appear as bright spots
surrounded by concentric rings, which are located preferred at
the elbows of the herringbone reconstruction. Such preferred
adsorption at elbow sites of the Au(111) surface was recently
observed for other organic molecules®>° and BN-HBC.*

https://dx.doi.org/10.1021/acsami.0c02324
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Apparently, besides step edges also elbow sites are energetically
favored; i.e., at these sites the molecule—substrate interaction is
distinctly stronger than the molecule—molecule interaction.
However, only by attachment to the step edges may a large
number of molecules establish in-plane bonds both to the
metal atoms at the edge and in addition to several further
molecules at once in this manner, supporting the two-
dimensional island growth.

The concentric rings can be explained by oscillations of the
electron density, first observed by STM on a Cu(111) surface
emerging from steps and charged defects.”” These standing
waves are also known as Friedel oscillations—a term that has
been used first to describe the perturbed charge density of a
free electron gas exposed to disorder.”® The screening of the
perturbing charges happens with oscillations of the charge
carrier density having a period of half the Fermi wavelength.
We note that the appearance of the concentric rings is almost
independent of the measurement parameters; artifacts by the
tip are therefore rather unlikely.

In the case of BN-HBC/Au(111), such a perturbation can
result from the conjugated 7-electron system of the BN-HBC
molecule affecting the substrate. The behavior is reminiscent of
coronene on Ag(lll).59 In both cases, for BN-HBC on
Au(111) and coronene on Ag(111), the Friedel oscillations
can be clearly seen in room temperature STM images,
although this phenomenon is more often observed at low
temperatures. In this manner, STM provides evidence for a
non-negligible electronic interaction between the molecule and
the substrate.

BN-HBC Monolayers on Au(111). With increasing
coverage, the formation of close-packed layers was observed
(see Figure S1). Although ordered monolayers can be generally
prepared without annealing, we focus in the following on
monolayers prepared by annealing due to its particular high
order.

Because attractive forces between BN-HBC and the
Au(111) substrate are much higher than the intermolecular
forces, layers beyond a monolayer will desorb at lower
temperatures, while the first monolayer remains adsorbed on
the surface. Therefore, a BN-HBC monolayer can be prepared
by annealing of 2—3 layers to 610 K. In addition, the annealing
causes a high mobility of the molecules enabling the diffusion
to the optimal adsorption sites. This procedure results in the
formation of a highly ordered monolayer, denoted “annealed
monolayer”.

To monitor the long-range ordering in such layers LEED
may be used, providing information about the size and
rotational alignment of the adsorbate unit cell with respect to
the substrate unit cell. In Figure 4, we show the LEED pattern
of an annealed BN-HBC monolayer on Au(111) at different
energies (Figure 4a,b) and compare them to the clean Au(111)
substrate (Figure 4c).

In Figure 4a, the LEED pattern of the annealed monolayer
of BN-HBC on Au(111) taken at 24.5 V beam voltage and
normal incidence of the electron beam is shown. At this beam
energy the spots represent the ordered molecular layer,
exclusively. Hexagonal patterns of sharp LEED spots are
clearly visible, indicating the formation of a highly ordered BN-
HBC superstructure under the reported conditions. To
determine the real space unit cell from the reciprocal lattice
observed with LEED, another lattice for reference is helpful.
For this comparison the LEED image at 50 eV (Figure 4c) is
used because it contains spots from both the substrate (large
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Figure 4. LEED images of an annealed BN-HBC monolayer on
Au(111) at (a) 24.5 eV and (b) 50 eV. (c) LEED image of the clean
Au(111) substrate at SO eV for comparison.

reciprocal unit cell) and the adsorbate (small reciprocal unit
cell). Hence, the lattice constant and the azimuthal orientation
of the unit cell with respect to the Au(111) substrate can be
determined for the covering layer. Lattice parameters a, = a, =
1.45 nm and the angle between the lattice vectors I" = 60° are
obtained for the ordered monolayer. The BN-HBC lattice
vector is oriented along the Au [110] direction. From the
LEED data, we conclude that BN-HBC forms a commensurate
(5 X §)-superstructure on Au(111). This structure will be
denoted structure A in the following.

In a next step, the BN-HBC monolayer on Au(111) was
investigated by STM. Figure Sa shows an STM image of the

Figure S. STM images of the annealed BN-HBC monolayer. (a)
Large domain with structure A (U = 1.5 V, I = 400 pA), (b) smaller
domains of an additional structure B that is rotated by 30° (U=1.2V,
I =600 pA), and (c) illustration of the proposed structures for A and
B with respect to the Au(111) lattice.

BN-HBC monolayer prepared by annealing. The herringbone
pattern originating from the (22 X /3 )-reconstruction of the
underlying Au(111) substrate is still visible. The surface
reconstruction is useful to determine the rotational alignment
of the BN-HBC structure with respect to the gold substrate
directly from the STM image.

Two different domains were observed by STM. The larger
domains consist of structure A, where the BN-HBC lattice is
rotated by 30° with respect to the long knees of the
herringbone reconstruction, i.e., the [112] direction of the
Au(111) substrate. This means that the lattice of structure A of
BN-HBC is oriented along the [110] direction of the
unreconstructed Au(111) (cf. Figure Sc). This orientation is
in good agreement with the results of the LEED studies
discussed above.

Additionally, a second hexagonal structure B appears, in
which the lattice vector direction is oriented along the
reconstruction lines of the herringbone structure (Au-[112])
(see Figure S2). The related domains are distinctly smaller.
This might be the reason why they cannot be observed on the

https://dx.doi.org/10.1021/acsami.0c02324
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Figure 6. High-resolution STM images of BN-HBC and HBC at different tunneling voltages (I = 400 pA) in comparison to the frontier orbitals
calculated by DFT. (a) STM image of BN-HBC at 1.8 V sample bias and LUMO. (b) STM image of BN-HBC at —1.0 V sample bias and HOMO.
(c) STM image of HBC at 1.7 V sample bias and LUMO. (d) STM image of HBC at —1.0 V sample bias and HOMO. The orbital plots are
calculated with B3-LYP/def2-SVP, isosurface at 0.02. Line profiles along the green and magenta lines are shown in the insets.

LEED images. Both domains merge to form a complete
monolayer as it can be seen in Figure Sb. The unit cells of both
structures (A and B) have the same geometry but are rotated
by 30° with respect to each other. In both cases, the BN-HBC
molecules are flat lying and the short molecular axes are
aligned with the lattice vectors of the BN-HBC lattice. The
angle I between the two-dimensional lattice vectors is 60°.

The BN-HBC lattice parameter is determined from STM to
be 1.46 + 0.03 nm for structure A, which is in excellent
agreement to the value derived from LEED. The lattice
parameter of structure B appears to be slightly larger with 1.50
+ 0.03 nm. This could indicate that structure B is a
commensurate (\/ﬁ X \/ﬁ )R30° superstructure with re-
spect to the unreconstructed Au(111) lattice. Both suggested
commensurate superstructures are illustrated in Figure Sc.

We note that the adsorption geometry of BN-HBC is very
similar to the related HBC molecule on Au(111).*%4¢96> 1¢
was reported that well-ordered HBC monolayers with large
domains can be produced by deposition of several layers and
subsequent annealing.’*~®> For comparison, we show an STM
image of a HBC monolayer prepared in this manner in Figure
S3, which is in excellent agreement to the reported prior
results.

Electronic Structure of BN-HBC in Comparison to
HBC. STM always probes the topographic and electronic
contrast; the latter is a complex interplay between the
electronic structure of the molecule, substrate, and the STM
tip. Because of its dependence on the electronic structure,
STM is also capable to visualize heteroatoms in PAHs.*>**
Nevertheless, valuable information about the electronic
structure of the molecule can be gained from the tunneling
bias dependence of STM images.

In Figure 6, we show high-resolution STM images of BN-
HBC and its parent molecule HBC in dependence on the
tunneling voltage in comparison to DFT calculations of the
frontier orbitals and the dedicated z-profiles. Because of the
low mobility of the BN-HBC molecules in the monolayer,

STM images with intramolecular contrast could be obtained at
room temperature. In STM, the tunneling current depends
exponentially on the distance between the tip and the substrate
as well as on the density of states at both sides of the tunneling
junction. Thus, for the same tip, at a certain lateral position the
current is proportional to the local density of states of the
molecule, enabling the visualization of the charge density
distribution derived from the frontier orbitals (HOMO and
LUMO), if a mixing with the electronic continuum of the
substrate can be neglected.”> Applying a positive sample bias
voltage, electrons will tunnel from filled states of the tip into
empty states of the sample. In contrast, at a negative sample
bias voltage, electrons will tunnel from filled states of the
sample into empty states of the tip. Thus, for molecules
adsorbed on a substrate, its frontier orbitals are often used for
the interpretation of the intramolecular contrast in an STM
image.”>™®" However, it is important to note that the
molecular levels can get broadened, shifted, and mixed because
of the interaction with the substrate.”® In particular, at higher
voltages, many molecular orbitals can contribute to the STM
images.68

The STM images of both molecules, BN-HBC and HBC,
show a clear dependence on the tunneling voltage (see Figure
6). Upon applying a bias voltage of 1.8 V, the STM image of an
ordered layer of BN-HBC on Au(111) shows an apparent
darker region in the center of the molecule. This region has an
even lower apparent height as the space in between the BN-
HBC molecules. In STM images taken at lower, positive
tunneling voltages, the molecule has uniform apparent height
(not shown). Therefore, we conclude that the different
contrast in STM images is essentially caused by a different
density of states at the molecule/substrate side. We note that
also for BN-HBC networks on Ag(111) a weak intramolecular
contrast at higher tunneling voltages might be observable.”' In
contrast, for coronene and HBC such a contrast is hardly
visible.”>”°
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To shed more light on the observed contrast in STM images
of HBC and BN-HBC, we performed electronic structure
calculations. The results are in good agreement with the
literature.”® In HBC, both HOMO and LUMO as computed at
the B3-LYP/def2-SVP level of theory are doubly degenerate.
Upon substitution of the central benzene ring by a borazine
core, the HOMO is shifted to lower energies, whereas the
LUMO is shifted to higher energies. This result is in agreement
with the observed larger optical gap of 3.1 eV.”

Interestingly, the BN-HBC LUMO is rather similar to the
HBC LUMO+1. The latter has also vanishing coefficients in
the central ring. Therefore, this molecular orbital (MO) is
possibly not much affected by the central ring exchange, while
other unoccupied MOs are influenced in their charge
distribution and energy to a much larger extent. The strikingly
different appearance of the relevant LUMO:s is the reason why
the STM images at higher sample bias of HBC and BN-HBC
exhibit distinct differences (see below).

At small negative and positive sample bias voltages
(< £0.8 V, not shown), the intramolecular contrast is generally
weak. This might be expected since the electrons tunnel
through the gap of BN-HBC, and therefore the topographical
contribution determines the contrast of the STM image. For
increasing tunneling voltages, resonances to the frontier
orbitals might be expected. However, in the HOMO of BN-
HBC as well as the HOMO and LUMO of HBC, the electron
density is almost homogeneously distributed over the
molecule. Consequently, the corresponding STM images in
Figure 6b—d exhibit a weak contrast, even if the center of the
HBC molecule in Figure 6¢ appears slightly brighter.

Most important, the fact that the calculated BN-HBC
LUMO is located mainly at the outer rings of the molecule is
very well reproduced in the contrast of the STM image at
positive tunneling voltage (Figure 6a). The contrast obtained
from the molecules appears brighter at the outer rings and has
a dark spot in the center. This visual impression is clearly
supported by looking at the line scans inserted in the figures.
The very narrow and deep minima of the tunneling currents
observed at the very same positions in all scans for the
respective molecular layer along the lines clearly correspond to
the pitches between the molecules along the sampled lines. In
between and thus in the molecules much higher currents are
measured except for the case of Figure 6a. An apparent dip of
the tunneling current inside the molecule recorded in the BN-
HBC line scans at +1.8 V seems to be even deeper than
between the molecules. This is not at all the case for the line
scan at —1.0 V. Comparing STM images of BN-HBC and HBC
close to the resonance to the LUMO at positive tunneling
voltages in Figure 6a and 6c, respectively, the different contrast
is obvious. This supports the assumption that the STM
contrast is determined to a large extent by the different
electronic structure of the molecules caused by the exchange of
the inner benzene ring in HBC by a borazine ring in BN-HBC.

B CONCLUSIONS

The adsorption of BN-HBC on Au(111) was investigated by
XPS, LEED, and STM. We were able to prepare a monolayer
of particularly high order. According to STM and LEED, the
monolayer structure is dominated by large domains consisting
of a commensurate (S X S)-superstructure (A). Additionally,
small domains of a (327 X +27 )R30°-superstructure (B)
were detected.

88

Weak, but not negligible, interactions between BN-HBC and
Au(111) were found, also visible in STM images of
submonolayers as perturbations of the electron density (most
likely Friedel oscillations).

High-resolution monolayer STM images of BN-HBC in
dependence of the tunneling voltage are shown and analyzed in
terms of the molecular electronic structure for the first time. At
HOMO/LUMO resonance energies, the contrast in STM
images with submolecular resolution is distinctly different for
BN-HBC and its parent molecule HBC. That is due to the
change of the electronic structure as a result of the substitution
of the inner benzene ring by a borazine core. The results are in
good agreement with DFT calculations of the frontier orbitals
of BN-HBC and HBC.
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ABSTRACT: BN-substituted nanographene molecules are currently Planar VS. Non_plan ar

the focus of interest because the substitution of C—C units by
isoelectronic and isosteric BN units is a straightforward way of changing
the electronic properties of nanographenes. Another parameter
influencing the electronic structure, orientation, and growth mode of
nanographene molecules is the planarity of the molecules. The

Electronic Structure

Film Orientation

Film Morphology/ E

i X i [4-5 nm’ [EK_] 4-5 nm @
electronic structure, orientation, and film growth of the related
molecules B;N;-hexa-peri-hexabenzocoronene (BN-HBC), B;N;-hexa- N
benzotriphenylen (BN-HBP), and B;Nj-hexabenzotriphenylen-2H o 201
(BN-HBP-2H) on Au(111) have been studied by photoelectron
spectroscopy (PES), X-ray absorption spectroscopy (XAS), atomic i mum— e

force microscopy (AFM), and scanning tunneling microscopy (STM).
XA spectra were simulated using time-dependent density functional theory (TDDFT). The calculation of C 1s excitation spectra
allows the assignment of individual transitions and the examination of the degree of cross-linking between biphenyl units. It is shown
that the planarity of the molecules distinctly affects the electronic structure, interface properties, as well as growth in thin films.

KEYWORDS: BN-doped hexa-peri-hexabenzocoronene, interaction, photoemission, X-ray absorption spectroscopy,
near-edge X-ray absorption fine structure, scanning tunneling microscopy, density functional theory, atomic force microscopy, valence band,
planarity, m-conjugated systems, BN-doped nanographene

1. INTRODUCTION of networks of HBC and its derivatives.'"”**™*® Intrinsic
electronic properties can be tuned at the molecular level; a
promising way is the substitution of C—C units by
isoelectronic and isosteric B=N units,'” ™1 7227

Generally, the interplay between molecular structure,

Nanographene molecules have been studied intensely for
possible applications in electronic devices.' * The probably
best-known representative is hexa-peri-hexabenzocoronene

(HBC), which is a polycyclic aromatic hydrocarbon (PAH) ) . : . .
that can readily be synthesized and consists of a central electronic structure, and orderln% determines device efficiency

28,2
aromatic ring surrounded by six aromatic rings that are parameters to a large extent. It was shown that HBC as
interconnected by quasi-single bonds in a planar manner.”” we.l I as ByN;-doped .hexa—p ert—hexal.)enzocoml_lene (BN-HBC)
Such extended PAHs, in turn, can be regarded as the startin% (Figure 1) adsorb highly ordered, in a flatlying geometry on

point for a bottom-up approach for the graphene synthesis.”~" iiggi;zs:agn;nfzzstﬂ?:}ia;uzg larf ;?111115 lélir)ls 251_‘135&3; tt}llll:
Band gap opening and engineering of graphene have attracted her hand. al ) gea | d carb )
significant attention in context with the development of ot et hand, aso nonpianar {r—con]ugate. carbon systems are
. . . L promising materials for a variety of applications. For example,
graphene electronics and optoelectronics. Various applications . . .
: - . nonplanar macrocyclic conformations of porphyrins and other
have been explored, including energy conversion and storage PR . -
. 13—15 tetrapyrroles have been studied in detail because of their
components, field effect transistors, and sensors. "~ > The pyr

important biochemical function®* > as well as numerous other
variation of band gap can be achieved by chemical doping with ¢ Il)1 locical and scienti .40
) . ” w ” echnological and scientific applications.

foreign atoms, and both “top-down” and “bottom-up
approaches are known.'® A promising pathway to modify the
intrinsic electronic properties of nanographenes is the
substitution of C—C units by isoelectronic and isosteric B—
N units.'” "> The investigation of molecules with BN cores is
the aim of this study.

The cross-linking of nanographenes can be triggered on
surfaces at elevated temperatures, enabling, e.g,, the synthesis
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BN-HBC

BN-HBP-2H

3N3C36H18 3N3c3GH22 3N3C3GH24

Figure 1. Chemical structure (top) and geometric structure as
obtained from density functional theory (DFT, bottom) of B;Nj-
doped hexa-peri-hexabenzocoronene (BN-HBC), B;N;-hexabenzotri-
phenylen-2H (BN-HBP-2H), and the propeller-like B;N;-hexabenzo-
triphenylene (BN-HBP) (carbon atoms, dark gray; hydrogen light,

gray; nitrogen blue and boron, red).

However, the planarity of the molecule may distinctly affect
the electronic structure, in particular at interfaces. For example,
the interaction strength is expected to increase for planar
molecules due to the closer contact, and, vice versa, the
substrate—molecule interaction may induce a change of the
conformation depending on the type of the ligand."

The aim of the present study is the investigation of the
interplay between planarity, electronic structure, and film
growth using the example of BN-doped nanographenes.
Additionally, the characteristic X-ray absorption resonances
can be utilized for the identification of BN-doped nano-
graphene molecules as well as for BN-doped graphene sheets
in further investigations. We have chosen three closely related
molecules consisting of six peripheral aromatic rings and
feature an internal borazine core. They differ in the degree of
hydrogenation and extension of the aromatic conjugation
(Figure 1). 1,2:3,4:5,6-Tris(o,0’-biphenylylene)borazine (BN-
HBP) has a propeller-like structure that results from repulsive
interactions of pairs of hydrogen atoms.”””** Onefold
cyclodehydrogenation gives dibenzo[fg,ij]-1,3,4a,2,4,12b-
triazatriboratriphenyleno[1,2,3,4-rst]-13,13b,13a,14 diazadi-
borapentaphen (BN-HBP-2H),”* while threefold cyclodehy-
drogenation results in 18d,18f,18h-triaza-18e,18g,18i-tribora-
hexabenzo [bc,efhikl,no,qr]coronene (BN-HBC).46 The
number of carbon, boron, and nitrogen atoms is the same
for all three molecules, but the number of C—C and C—H
bonds, as well as the number of hydrogen atoms in the outer 7-
conjugated carbon system are varied. The degree of hydro-
genation has a profound influence on the degree of distortion
of the PAH and thus the planarity and extension of the outer
m-conjugated carbon system, which affects the electronic
structure, film growth, and molecular orientation in thin films.

2. METHODS AND EXPERIMENTAL SECTION

Samples of BN-HBC, BN-HBP-2H, and BN-HBP were synthesized as
described previously.””*>*® The molecules were evaporated from a
Knudsen cell at rates of 0.2—0.4 nm/min on a Au(111) single crystal,
controlled by a quartz crystal microbalance (QCM). During
deposition, the crystal was held at room temperature at a pressure
of <1 X 107® mbar. Prior to organic film deposition, the Au(111)
single crystal was cleaned by repeated cycles of each 30 min Ar*-ion
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sputtering at a voltage of 0.8 kV at a partial pressure of S X 107> mbar
and subsequent annealing at a temperature of 770 K. The purity and
orientation of the crystal were checked by scanning tunneling
microscopy (STM), X-ray photoelectron spectroscopy (XPS),
ultraviolet photoelectron spectroscopy (UPS), and low-energy
electron diffraction (LEED).

X-ray absorption spectroscopy (XAS) measurements were
performed at the HE-SGM dipole beamline of the synchrotron
storage ring BESSY I (Berlin).*’ To determine the average molecular
orientation relative to the sample surface, polarization-dependent X-
ray absorption spectra were acquired at different angles of the incident
p-polarized light with respect to the surface plane (with 8 = 90°—
normal incidence, 20°—grazing incidence) in Auger electron yield
(AEY), where a hemispherical energy analyzer (Scienta R3000) was
used to detect electrons within a defined energetic window. This
window was set around the kinetic energy of the Auger electrons,
which are emitted during the molecular relaxation process, whereas
the size of the window was selected in a way that valence electrons as
well as substrate core electrons do not contribute to the spectra (for
more details, see ref 47). Hence, windows of 174 + 5, 260 + 10, and
375 £ § eV were chosen for B-K, C-K, and N-K edges, respectively.
The energy resolution was set at 250 meV at a photon energy of
280 eV, and to 300 meV at photon energies of 190 and 400 eV. The
pressure in the chamber was <3 X 10™° mbar during measurements
and <3 X 107® mbar while depositing the organic layers.
Comparability of the measured XA spectra was facilitated by first
subtracting a reference background (zero signal) from the XA spectra,
second considering the photon flux by referencing to a clean substrate,
and last normalizing the spectra to the same step height. The
photoelectron spectroscopy (PES) and scanning tunneling micros-
copy (STM) measurements were carried out in the home laboratory
of AK Chassé; the base pressure of both ultrahigh-vacuum (UHV)
systems was <3 X 107! mbar. The PES measurements (both X-ray
photoelectron spectroscopy (XPS) and ultraviolet photoelectron
spectroscopy (UPS)) were realized using a multichamber UHV
system equipped with an X-ray source with monochromator
(XR 50 M, SPECS) and Al Ka radiation (hv = 1486.7 V), an
ultraviolet source (UVS 300 SPECS), and a Phoibos 150 hemi-
spherical energy analyzer (SPECS). For UPS measurements, the
excitation energy of He II (40.8 eV) was used. The photoemission
spectra were calibrated to reproduce the binding energies (BE) of Au
4f;/, and Cu 2p;/, at 84.00 and 932.56 eV, respectively. The peak
fitting procedure of core-level spectra was realized using Unifit version
2018."" A Shirley model background and a Voigt profile (convolution
of Lorentzian and Gaussian profiles) were used. According to the
literature, the Lorentzian widths for N 1s, C 1s, and B 1s core levels
were set at 0.10, 0.08, and 0.07 eV, respectively.w*51 The error of
absolute binding energies and thus also for the peakfits is estimated to
be less than +0.05 eV.

The STM measurements were performed in a two-chamber system
equipped with a low-energy electron diffraction (LEED) system from
OCI Vacuum Microengineering, Inc. and a variable-temperature
(VT)-STM from Omicron GmbH. For the STM measurements,
mechanically cut Pt/Ir tips were used. All given tunneling voltages are
referenced to the sample. On the shown STM images, no filtering or
smoothing was performed. The WSxM program was used to enhance
the image contrast.”

The atomic force microscopy (AFM) measurements were carried
out on air using a Bruker multimode 8 AFM system with RTESPA-
150 tips from Bruker, especially for tapping mode. Filtering and
smoothing of the images were performed with the Gwyddion
program.”

The quantum chemical calculations were made with the ORCA
package.”* For the geometry optimizations, the global hybrid B3LYP
density functional®>® was used in combination with the def2-TZVP
basis set.”” The calculation of the Coulomb and exchange terms was
accelerated using the resolution of identity (RI) and chain of sphere
(COSX)*® approximations with the def2/] basis set.’” An analytical
frequency analysis was made to ensure optimization of the structure

https://dx.doi.org/10.1021/acsaelm.0c00967
ACS Appl. Electron. Mater. 2021, 3, 825—-837
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Figure 2. Multilayer core-level spectra (film thickness, 7—8 nm) of BN-HBC (top), BN-HBP-2H (middle), and BN-HBP (bottom): (a) N 1s, (b)

B 1s, and (c) C 1s, measured with hv = 1487.7 eV.

Table 1. Binding Energies of the Multilayer N 1s, C 1s, and B 1s Core Levels for All Three Molecules (in eV)”

Cls
N 1s B 1s CN CCB CCN CH CB
BN-HBC 399.13 189.76 285.71 285.03 284.88 284.51 28391
BN-HBP-2H 398.80 189.68 285.42 284.82 284.67 284.27 283.74
BN-HBP 398.75 190.00 285.44 284.88 284.73 284.29 284.09

“The Gaussian widths are in between 0.76 and 0.89 €V for all core levels and components (see Table S1).

to its minimum energy. A natural population analysis (NPA) was
performed with the NBO 6.0.18a code.”’

For a comparison with experimental UP spectra, the B3LYP/def2-
TZVP molecular orbitals were convolved with a Gaussian broadening
(full width at half-maximum = 0.3 eV). The energy scale of the
calculated spectra was adjusted and expanded by a factor of 1.05 to
match the experimental features. This procedure is common practice
when comparing DFT data to UP spectra and accounts for the well-
known fact that DFT often underestimates orbital energies.®'~**

The K-edge XA spectra were calculated as described in ref 64 by
applying the time-dependent density functional theory (TDDFT)
formalism, as implemented in ORCA. Symmetry-equivalent B, N, or
C 1s orbitals were localized using the Pipek—Mezey formalism.®®
TDDFT calculations were carried out by allowing excitations from the
localized 1s orbitals only. To allow a comparison with experimental
spectra, the calculated discrete excitations were broadened with
Gaussian functions of varying width.® Starting from the first
transition, a broadening ¢ of 0.5 eV was used for the first 5 eV.
After this, a linear increase of the full width at half-maximum
(FWHM) from 2.0 up to 15.0 €V was applied to account for the
reduced lifetime of the o* resonances.”” Furthermore, B 1s NEXAFS
spectra were also calculated on the Slater transition-state level using
the StoBe package®® for comparison purposes by first optimizing the
molecular geometry using the gradient-corrected revised Perdew—
Burke—Ernzerhof (RPBE) functional and all-electron TZVP basis
sets. Afterward, the excited states for each nonsymmetry-equivalent
excitation center, ie., boron atoms, were calculated separately. To
avoid B 1s core orbital mixing in this step, the excitation center is
modeled using an IGLO-III basis set, while the other boron centers
are described by effective core potentials (ECPs). Further details on
the computations can be found in previous work.”’
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3. RESULTS AND DISCUSSION

3.1. Electronic Structure and Planarity in Multilayer
Films. Although the chemical structures of the three
investigated molecules in Figure 1 appear very similar at first
glance, the analysis of XP core-level spectra reveals significant
differences. XP core-level spectra of thick layers (7—8 nm) of
BN-HBC, BN-HBP-2H, and BN-HBP on Au(111) are
compared in Figure 2. At this film thickness, a possible
influence of the interface on the peak shape can be neglected
because a strong dewetting can be excluded from the AFM
micrographs (discussed below). The binding energies of the
core levels and the different C 1s components are summarized
in Table 1 (additional data (Gaussian widths) can be found in
Table S1 (Supporting Information)). The N 1s and B 1s
spectra (Figure 2a,b) can be described by a single component
for all molecules, as might be expected from the chemical
structure, because the N and B atoms exhibit similar chemical
environments in all presented molecules.

For the description of the C 1s spectra in Figure 2c, we
assume that the binding energy of chemically inequivalent
carbon species is determined by the charge density, neglecting
photoemission final state effects. Based on the calculated NPA
charges, we distinguish in sequence from lower to higher
binding energies: carbon bonded to boron (CB), hydrogen
(CH), other carbon (CC), and nitrogen (CN). In agreement
with the literature on related acenes’”’”' and graphene
nanoribbons,”* the CH component appears at a lower binding
energy compared to CC. Further, the calculations suggest that
the binding energy of CC carbons in proximity to nitrogen
(CCN) is somewhat lower compared to CC carbons in
proximity to boron (CCB). NPA charges and the exact

https://dx.doi.org/10.1021/acsaelm.0c00967
ACS Appl. Electron. Mater. 2021, 3, 825—-837
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Figure 3. Multilayer valence band spectra (film thickness, 7—8 nm) of (a) BN-HBC, (b) BN-HBP-2H, and (c) BN-HBP: Experimental UP spectra
measured with He II radiation (hv = 40.8 eV) and MO energies with Gaussian broadening. The dashed lines match the first four experimental

features to the calculations.
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Figure 4. X-ray absorption spectra of the (a) N-K and (b) B-K edge of 4—5 nm thin films of BN-HBC (top), BN-HBP-2H (middle), and BN-HBP
(bottom) measured close to the magic angle (55°). The experimental data (solid line) are compared to calculated data (dashed line) and the
dedicated absorption transitions (black bars). The calculated spectra were obtained by broadening the discrete transitions with Gaussian functions.

numbering of carbon atoms are summarized in Tables S2—S4
(Supporting Information). For the peak fits, the intensities of
the various compounds were fixed according to the
stoichiometry CH:CCB:CCN:CB:CN (18:6:6:3:3 for BN-
HBC, 22:4:4:3:3 for BN-HBP-2H, and 24:3:3:3:3 for BN-
HBP). Slight deviations between the stoichiometric peak fit
and experimental data might be caused by the presence of
shake-up satellite structures, which were not considered in the
model. Often, highest occupied molecular orbital-lowest
unoccupied molecular orbital (HOMO—-LUMO) shake-up
processes dominate the satellite structure, and thus an energy
separation with respect to the main line in the order of the size
of the optical gap might be expected.”> On the other hand, for
other nanographene molecules (acenes), it has been shown
that the satellite structure is very complex and the distance
between HOMO—LUMO shake-up satellites and the C 1s
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main line can be distinctly smaller than the optical gap.”* This
may be explained by a more efficient screening of the
photogenerated core hole, potentially due to an optimized
redistribution of charge in the final state of the photo-
emission.”*

A comparison of core-level binding energies for the three
investigated molecules (Table 1) reveals distinct differences:
BN-HBC possesses the highest N 1s and C 1s binding energies
(399.13 and 284.51 eV (CH), respectively), while the values
for BN-HBP-2H and BN-HBP are 0.2—0.4 eV lower. In
contrast, for the B s core level, the energetic situation is vice
versa: The highest binding energy is observed for BN-HBP
(190.00 eV), whereas the binding energies for BN-HBC and
BN-HBP-2H are lower (189.76 and 189.68 eV, respectively).
This opposite behavior indicates not only a shift of the
reference level (e.g., due to a different energy-level alignment)

https://dx.doi.org/10.1021/acsaelm.0c00967
ACS Appl. Electron. Mater. 2021, 3, 825—-837
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Figure S. (a) X-ray absorption spectra of the C-K edge of 4—5 nm thin films of BN-HBC (top), BN-HBP-2H (middle), and BN-HBP (bottom)
close to the magic angle (55°). The experimental data (solid line) are compared to calculated data (dashed line) and the dedicated absorption
transitions (black bars, enlarged by factor 3 for better visibility). (b) Calculated spectra for each inequivalent carbon atom at the example of BN-
HBC and BN-HBP. Calculated spectra were obtained by broadening the discrete transitions with Gaussian functions.

but also a different electron density at the respective atom sites.
This might be more clearly demonstrated by comparing
relative core-level binding energies for each molecule
separately: The N 1s—B 1s separation is largest for BN-HBC
(209.37 eV) and smallest for BN-HBP (208.75 eV) (high-
lighted in Figure 2a,b), which could indicate a higher polarity
of the B—N bond in the case of BN-HBP. This trend is still
visible in the C 1s binding energies for C atoms neighbored to
N and B (Figure 2c). The C 1s binding energy difference for
CN and CB components is largest in the BN-HBC peak fit and
the smallest for BN-HBP. Additionally, energy separations
between CC and CH components are not the same for all
molecules, indicating different electron densities at these
atoms. Consequently, the differences in the relative binding
energy of carbon components cause a different broadness of
the overall C 1s peak: BN-HBC > BN-HBP-2H > BN-HBP.
Thus, the different core-level binding energies for the three
studied molecules indicate weak but significant changes in the
electron densities. Hence, the number of m-bonds on the
surrounding carbon atoms determines not only the planarity of
the molecule but also the electronic structure.

The different electronic structure should affect UP valence
band spectra. The experimental UP spectra of BN-HBC, BN-
HBP-2H, and BN-HBP are compared to the molecular orbital
energies obtained from DFT calculations (Figure 3). Although
we are aware that our calculations do not consider photo-
emission cross sections and, in addition, we assume that the
photoemission process is nonadiabatic, the calculated spectra
are in good agreement with the experimental data and allow an
assignment of the features, especially at low binding energies.
The calculated HOMO—-LUMO gaps (3.8 eV for BN-HBC
and 4.1 eV for BN-HBP) are larger than the experimental
values for the optical gaps (3.1 eV for BN-HBC™ and 3.4 eV
for BN-HBP (cf. Figure S1)). All three spectra show
similarities, for example, a very intense feature at about 8 eV,
but the valence band spectrum of BN-HBP-2H is also the most
complex, due to the lower symmetry of the molecule. The
symmetry of the molecular orbitals (cf. Figure S2) indicates
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that all molecular orbitals below 4.5 eV binding energy have
predominant 7-character.

Further insight into the (unoccupied) electronic structure
can be obtained by XAS. Measurements at the N-K, B-K, and
C-K edges are shown for 4—5 nm thick BN-HBC, BN-HBP-
2H, and BN-HBP films (Figures 4 and S). The spectra are
compared to calculations, illustrated as dashed lines. To omit
effects arising from a different molecular orientation (discussed
below), the chosen angle between the incident synchrotron
light and the sample surface 6 was S5°, i.e., close to the “magic
angle”, where the intensity of the resonances is independent of
the orientation of the transition dipole moment.”” Addition-
ally, effects induced by the substrate can be ruled out at film
thicknesses of 4—5 nm. Therefore, differences in the shown
BN-HBC, BN-HBP-2H, and BN-HBP spectra can be
essentially ascribed to differences in the unoccupied valence
electronic structure of the molecules. Generally, two different
regions can be distinguished: Intensity at lower photon
energies (below 404 eV (N-K),”>™"7 290 eV (C-K),*"** and
195 eV (B-K)”®) can be mainly ascribed to transitions into 7*
orbitals, while transitions at higher photon energies have
predominantly 6* character.

For both the N-K and B-K XA spectra, three features
denoted A—C in the sequence of increasing photon energies
can be distinguished in the 7* region (Figure 4). In all cases, A
is the most intense feature. At first glance, this might imply a
similar origin of these features, ie. transitions from the
respective 1s core level into the same unoccupied molecular
orbitals. However, from the ground-state molecular orbitals (cf.
Figure S2), we conclude that the BN-HBC LUMO is not
located in the inner BN core, whereas for BN-HBP, the
LUMO is distributed over the whole molecule. Hence, feature
A is mainly caused by transitions into the LUMO for BN-HBP,
but for BN-HBC, feature A is caused by transitions into higher
unoccupied orbitals (i.e., LUMO+1, +2). In contrast to feature
A, the intensity of B in Figure 4 varies distinctly. In N-K XA
spectra, B is most intense for BN-HBP, weaker for BN-HBP-
2H, and barely visible for BN-HBC. The opposite trend is

https://dx.doi.org/10.1021/acsaelm.0c00967
ACS Appl. Electron. Mater. 2021, 3, 825—-837
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visible in B-K XA spectra. For a quantitative discussion, the
ratio of features A/B and A/C is summarized in Table 2. We

Table 2. Intensity Comparison for Features A, B, and C of
the N-K and B-K Edges

N-K B-K
A/B A/C A/B A/C
BN-HBC 6.3 1.7 3.1 2.7
BN-HBP-2H 2.4 1.8 S.7 3.9
BN-HBP 2.1 2.0 9.4 43

note that the values depend slightly on the procedure of
background correction, but the discussed phenomena are very
clear. The ratios A/B and A/C differ distinctly for each
molecule, indicating a distinct influence of the planarity on the
electronic structure of the considered molecule. The strongest
intensity variations are observed for the A/B ratios. In the N-K
XA spectra, the A/B ratio is about 3-fold higher for BN-HBC
compared to BN-HBP, but the order is reversed for the B-K
XA spectra, i.e., the A/B ratio in Table 2 shows opposite trends
for the B-K and N-K edges.

Significant differences are also visible in the 6™ region: Two
well-resolved features denoted D and E can be distinguished in
the BN-HBC N-K spectrum, whereas these structures are less
resolved for BN-HBP-2H and indiscernible for BN-HBP. In
the o* region of B-K XA spectra, just one feature D is visible
for all three molecules, but a splitting of D into two features
might be suspected for BN-HBC.

We note that also energetic shifts in the N-K and B-K
spectra are visible in Figure 4. In the N-K XA spectra, feature A
is located at 400.4, 400.2, and 400.0 eV for BN-HBC, BN-
HBP-2H, and BN-HBP, respectively. For the B-K edge spectra,
an opposite trend is observed for BN-HBC (190.3 eV), BN-
HBP-2H (190.4 ¢V), and BN-HBP (190.5 eV). Such shifts
may originate from different energies of the respective initial or
final energy level and/or a variation of the energy gap of the
molecules. The opposite trend in N-K and B-K XAS spectra
rules out a variation of the gap as the only reason for the
observed energy shifts. Rather, the initial state, ie., the N 1s
and B 1s binding energies may explain the observed shifts in
XAS to a large extent: The lowest N 1s and highest B 1s core-
level binding energy is observed for BN-HBP with respect to
the other molecules (Table 1), causing also an energy shift of
the corresponding XA spectra.

To understand the shapes of B-K and N-K edge XA spectra
as a function of the planarity of the molecules more in detail,
we performed DFT calculations. For BN-HBP and BN-HBC,
all B and N atoms produce the same spectra because of the
threefold symmetry of the molecules. In contrast, the B and N
atoms in BN-HBP-2H have different contributions: For the
atoms located in the planar part of the molecule, the calculated
spectra are very similar to the ones of BN-HBC, the atoms on
the vertically protruding part of the molecule are similar to the
ones of BN-HBP. The calculations indicate that the BN-HBP-
2H spectra can be obtained from a combination of the BN-
HBC and BN-HBP features (cf. Figure S3). This can explain
why in all trends discussed here, BN-HBP-2H lies in between
BN-HBC and BN-HBP.

Generally, the calculated spectra (dashed lines in Figure 4)
reproduce the main features of experimental spectra very well.
Both the intensity and energetic position of features A, B, and
C in the 7* region of B-K and N-K edge spectra are in good
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agreement with the experimental data. We note that for the
simulation of B-K edge absorption sg)ectra, another DFT-based
program package was used (StoBe ®). The similar results (cf.
Figure S4) indicate a weak dependence on the computational
details such as the calculation of the excited states (TDDFT vs
Slater transition-state method) and the treatment of the
excitation center (i.e., calculation with localized core orbitals vs
calculation with effective core potentials). The experimentally
observed intensity variation of feature B is clearly visible in the
calculated spectra. The electron density variation between
excited state and ground state can be discussed by means of
difference density plots, shown for both the B-K and the N-K
edge of BN-HBC and BN-HBP as in the Supporting
Information (cf. Figures S5—S8). The symmetry of these
plots with respect to the molecular plane confirms the
predominant 7% character of features A, B, and C. Further, it
is visible that the final state for transitions contributing to A is
mostly localized in the inner BN-substituted ring. In contrast,
the final state of transitions involved in B seems to be more
delocalized over the entire molecule, making the intensity
dependence of this feature on the planarity plausible. One
might speculate that for transitions at the nitrogen atom of the
nonplanar BN-HBP molecule, a delocalization of the excited
electron is supported by the neighboring B and C atoms with
lower electronegativity, resulting in a relatively high intensity of
the B feature in the corresponding N-K XA spectrum.

The C-K edge spectra are more complex (Figure 5) because
of contributions from several chemically inequivalent carbon
atoms. For all molecules, the 7* region is dominated by a
strong feature A, accompanied by weaker features denoted B—
D. In the o* region, a single, broad feature E is visible.
Apparently, feature A of the BN-HBC spectrum is split into
two features Al and A2. Looking more in detail in the C-K
edge spectra, a distinct shoulder at the low-energy side of
feature A can be detected for all three molecules (see red arrow
in Figure Sa).

As for N-K and B-K XA spectra (cf. Figure 4), also the
calculated C-K spectra (dashed lines in Figure Sa) reproduce
the experimental data well. To understand the nature of the C
1s excitations in more detail, we have carried out sophisticated
TDDEFT calculations for each symmetry inequivalent carbon
atom, which are shown for BN-HBC and BN-HBP in
Figure Sb. For BN-HBP-2H, these spectra exhibit a higher
complexity and contain essentially individual carbon spectra of
both BN-HBC and BN-HBP. The individual spectra for BN-
HBC and BN-HBP in Figure S reveal that the shoulder of
feature A at the low-photon-energy side (indicated by the red
arrow in Figure Sa at 284.2 and 284.3 eV for BN-HBC and
BN-HBP, respectively) in the experimental C-K XA spectra
arises from transitions localized at the three carbon atoms
directly bonded to boron (orange curve in Figure Sb). The
spectra of the three carbon atoms that are directly bonded to
nitrogen are observed at much higher photon energies and
have their lowest-lying feature at 286.4 and 286.2 eV for BN-
HBC and BN-HBP, respectively (purple curve in Figure Sb).

It is worth mentioning that the C-K edge spectrum of BN-
HBC is nevertheless comparable to HBC (i.e., the “parent
molecule” without BN core).*® The similarity indicates that the
electronic structure of the outer carbon atoms is only weakly
affected by the BN core. The differences can be mainly
attributed to the carbon atoms directly bonded to the BN core.
As can be seen from Figure 5b, the splitting of feature A in the
C-K edge of BN-HBC is mainly caused by a lower energy of
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Figure 6. Room-temperature STM images of about a monolayer of BN-HBC: (a) U = —1.3 V, I = 630 pA; (b) U = —0.4 V, I = 490 pA and BN-
HBP-2H (d) U= —1.3 V, I =350 pA; (e) U= 12V, I =400 pA. (, f) Apparent height profiles along the blue lines.
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Figure 7. Comparison of C-K XA spectra for a monolayer and multilayers (multilayer film thickness, 4—5 nm) at grazing incidence (20°): (a) BN-

HBC, (b) BN-HBP-2H, and (c) BN-HBP.

the main transitions from the CH atoms denoted C2 and CS,
contributing to Al, similar to HBC.>> A general explanation of
the shape of the C-K edge is possible taking into account the
ground-state electronic structure considering the Clar and
Hiickel models of aromaticity: A large split of 1s 7* transitions
(about 2 eV, not observed here) is predicted for molecules rich
in isolated double bonds, whereas nearly degenerate 7* orbitals
lead to a small split of 1s 7* transitions.”” For HBC and related
molecules, the smaller but distinct split of the most intense A
feature was ascribed to the so-called core—hole effect, caused
by the interaction between the core hole and the excited
electron.*>*

3.2. Orientation and Film Growth. It can be expected
that the planarity of the molecules affects distinctly the
molecular orientation and growth of thin films. The structural
ordering of the first layer in organic thin films may affect the
growth of subsequent layers and determines the interfacial
electronic structure. The detailed adsorption geometry of BN-
HBC and BN-HBP-2H monolayers was studied by STM
(Figure 6). Unfortunately, it was not possible to obtain STM
images of BN-HBP on Au(111) at room temperature. A reason
for this could be the higher mobility of BN-HBP compared to
the other two molecules, probably because of its nonplanar
molecular structure preventing close contact to the substrate.
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As a result, comparably weak molecule—substrate interactions
might be expected. Both BN-HBC and BN-HBP-2H molecules
form well-ordered structures (Figure 6). The images were
taken after annealing films of two to three layers to 610 K. Due
to the commonly weaker intermolecular interaction strength
compared to the molecule—substrate interaction, the annealing
provokes a desorption of molecules exceeding monolayer
coverage. Further, the increased mobility at elevated temper-
atures enables the formation of large domains with fewer
defects compared to the deposition at room temperature.
However, in principle, the same arrangement of BN-HBC and
BN-HBP-2H molecules on Au(111) is obtained for mono-
layers prepared without any annealing.

In Figure 6a large, hexagonal BN-HBC domains are visible.
A commensurate (5x5) superstructure is determined from the
corresponding LEED image of Figure S9a, in agreement with a
recent study.34 The line profile (Figure 6c) emphasizes the
regularity and the low apparent height differences. Similarly,
BN-HBP-2H adsorbs in a hexagonally ordered lattice (Figure
6d), which can be reproduced also for the monolayers
prepared without annealing. The corresponding LEED image
is comparable to BN-HBC (cf. Figure S9b), indicating the
same superstructure. However, in the enlarged section of the
BN-HBP-2H monolayer STM image (Figure 6e), the

https://dx.doi.org/10.1021/acsaelm.0c00967
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Figure 8. Thickness-dependent XA spectra of the three K edges of the three BN molecules. (Left) BN-HBC (a, d, g), (middle) BN-HBP-2H (b, e,
h), and (right) BN-HBP (g, f, i).

molecules do not appear homogeneous: While the BN-HBC
molecules appear as flat hexagons (Figure 6b), one side of the
BN-HBP-2H molecule appears brighter than the other and the
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height profiles along the blue lines in the enlarged section of
the STM images show a much larger apparent height difference
for BN-HBP-2H than for BN-HBC.

https://dx.doi.org/10.1021/acsaelm.0c00967
ACS Appl. Electron. Mater. 2021, 3, 825—-837



ACS Applied Electronic Materials

pubs.acs.org/acsaelm

Generally, the STM image contrast is caused by a complex
interplay between sample topography and electronic structure
of sample and tip. Since the STM images in Figure 6 were
taken at low bias voltages (located within the HOMO—LUMO
gap of the molecules), we suspect that the topographic contrast
determines the apparent height. This suggests that, in contrast
to BN-HBC, the adsorption geometry of BN-HBP-2H is not
completely flat. This observation is in good agreement with tilt
angles in the monolayer range, calculated from polarization-
dependent XAS spectra (see below). Apparently, a flat
adsorption geometry is hindered by the nonplanar structure
of BN-HBP-2H, preventing stronger molecule—substrate
interactions. In other words, a planarization of BN-HBP-2H
at the interface is not observed.

The comparably strong molecule—substrate interaction for
BN-HBC on Au(111) might also affect electronic interface
properties. Indeed, the comparison of the shape of K-edge XA
spectra for monolayer coverages to thicker films reveals small,
but distinct differences, in particular for the C-K edge. In
Figure 7, we compare C-K edge XA spectra for all three
molecules at grazing incidence. Most visibly, the XA spectra for
BN-HBC show a clear broadening of feature A at coverages in
the monolayer range, and also small, but distinct relative
energy shifts (0.1—0.2 eV) with respect to the main
component (feature B and transitions from carbon bonded
to boron; see red arrow). A distinct broadening is also visible
for BN-HBP-2H at low coverages, whereas thickness-depend-
ent changes of the peak shape are hardly visible for BN-HBP.
We note that for submonolayers of BN-HBC on Au(111),
perturbations of the electron density (Friedel oscillations)
were observed in STM images, indicating weak, but non-
negligible electronic interactions.”” It seems that the loss of the
planarity for the series BN-HBC — BN-HBP-2H — BN-HBP
is accompanied with a weaker contact causing a decrease of the
electronic coupling between the molecule and the substrate.

Besides the information on the (interfacial) electronic
structure, valuable information on the molecular orientation
in thin films can be extracted from polarization-dependent XA
spectra.”” In planar carbon systems, transitions from C ls

states to a #* orbital are strongest for E vertical to the

molecular plane, whereas transitions to ¢* are strongest for E
parallel to the molecular plane. Commonly, a vector model is
utilized to determine the tilt angle of the molecular plane with
respect to the substrate surface.”’ Since the exact determi-
nation of resonance intensities depends, among others, on the
background treatment and normalization,*”®" in some cases,
an accurate determination of the tilt angle is hindered. Most
commonly, C 1s 7* excitations are used for the analysis of the
adsorption geometry. In addition, for molecules possessing
heteroatoms, the corresponding transitions into 7% can be
utilized in a similar manner. For example, N 1s 7™ excitations
are often analyzed to determine the orientation of
phthalocyanines.””**~** Analogously, for the studied mole-
cules, N 1s 7% and B 1s 7 excitations are available for an
analysis of the adsorption geometry. For planar molecules,
such as BN-HBC, the information obtained from N 1s z* and
B 1s 7* excitations is expected to be comparable to the analysis
of C 1s #* transitions.

In contrast, the BN-HBP molecule is nonplanar.44 The
laterally protruding “wings” consisting of unsubstituted
biphenyl units are tilted by a considerable amount with
respect to the BN-substituted core. Due to the localized nature
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of core-level excitations, the C-K edge probes the orientation
of the (tilted) wings, B-K and N-K edges probing the
orientation of the (distorted) BN core. Thus, it is expected
that the analysis of B-K and N-K edges yields a different tilt
angle compared to the analysis of the C-K edge. The distortion
of the BN core and the complicated background correction
procedure only allow a qualitative discussion of relative
changes of the orientation of biphenyl units with respect to
the BN core. Further, the surface sensitivity of XA spectra
recorded in Auger electron yield (AEY) is slightly different:
The mean free path depends on the kinetic energy of the
electrons and is estimated to be about 1.7, 1.4, and 1.1 nm for
the N-K, C-K, and B-K edges, respectively (according to ref85
for organic molecules assuming a density of BN-HBC of about
1.3 g/cm?). Thus, at least for thicker films, the molecular
orientation is preferentially probed at the surface of the organic
film.

Polarization-dependent B-K, N-K, and C-K XA spectra for
two prominent angles (grazing and normal incidence) are
shown for the three investigated molecules in Figure 8 as a
function of the thickness. The measurement geometry is
shown as an inset in Figure 8a. All XA spectra of BN-HBC
(Figure 8a,d,g) show a very clear, uniform trend for all
thicknesses: At grazing incidence (6 = 20°), the intensity for
transitions into #* orbitals is maximal, whereas these
transitions are almost disappeared at normal incidence (0 =
90°). From the intensity of #* transitions in N-K spectra
(<402 eV) at normal and grazing incidence of the incoming
synchrotron light, we estimated the average molecular tilt angle
with respect to the substrate surface according to (ref 67)

I ~ P(sin” @ sin” @ + 2 cos” a cos> 0) + (1 — P)sin”
(1)

where P is the polarization degree, 0 is the angle of incidence
of the p-polarized synchrotron radiation, and a denotes the
average tilt angle of the molecules with respect to the substrate
surface. With P = 0.91 (91%), we arrive at 13, 7, and 1° for film
thicknesses of 4—35, 1.2, and 0.35 nm of BN-HBC, respectively.
The experimental error is estimated to be about +5°. Tilt
angles calculated via the C-K and B-K z* intensities (
Figure 8d,f) yield similar results within the given error. This
proves that BN-HBC monolayers adsorb in a flat-lying
geometry, in good agreement with above-discussed STM
data and recent studies.*****® This orientation is almost
maintained up to a film thickness of 4—5 nm. We note that the
related, planar HBC molecule grows in a similar manner on
metal substrates.”’”*>*¥% At coverages in the monolayer
range, the angular dependence of all three K edge XA spectra
in Figure 8 is comparable to BN-HBC: For both molecules,
BN-HBP-2H and BN-HBP, features in the 7* region are most
intense at grazing incidence and weak at normal incidence
pointing to a preferred flat-lying adsorption geometry.
However, the remaining intensity for ls #* transitions at
normal incidence is clearly visible and may point to distinct tilt
angles. The calculated tilt angles from N-K 7* intensities of the
monolayers are 10 + 5 and 22 + 5° for BN-HBP-2H and BN-
HBP, respectively. We note that from B-K and C-K edges even
larger tilt angles were obtained (up to 40 + 5°), which may be
due to the distortion of the BN core and a different orientation
of the biphenyl units for the first monolayer adsorbed on
Au(111) (see above).

With increasing film thicknesses of BN-HBP-2H and BN-
HBP (1.2 and 4—5 nm, respectively), the dichroism of K edge
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Figure 9. AFM micrographs of 4—5 nm thin films of (a) BN-HBC, (b) BN-HBP-2H, and (c) BN-HBP on Au(111) and their respective line
profiles. To prevent measurement artifacts from influencing the mapping too much, a heuristically determined subinterval (5—95%) of the full value
range was mapped onto the full color range. Values outside this subrange are displayed with the edge colors.

XA spectra decreases distinctly. At the intermediate thickness
(1.2 nm), the dichroism of BN-HBP spectra is weaker
compared to BN-HBP-2H, pointing to a more random
orientation of BN-HBP. For the thickest film (4—S nm),
almost no angular dependence is observed in any of the three
K edge spectra of BN-HBP and BN-HBP-2H, indicating an
almost random orientation. We note that we cannot
distinguish between a film of highly ordered molecules with
large molecular tilt angles and an increase of disorder. For a
completely disordered film, an average molecular tilt of 54.7° is
calculated according to eq 1.

In summary, we observed that a flat-lying geometry (ie., a
parallel orientation between the BN core and the substrate
surface) is favorable for all three molecules in the initial steps
of the film growth. The initial orientation is maintained for the
planar BN-HBC molecule. In contrast, an almost random
orientation (or tilt angles close to 54.7°) is observed in thicker
films of BN-HBP than for BN-HBP-2H. It seems that the
nonplanarity reduces the ability of stronger molecule—
molecule interactions, resulting in an almost random
orientation in thin films.

This also affects the morphology of thin films visible in AFM
micrographs of films grown on Au(111) (Figure 9). The
average thickness is 4—5 nm for all three molecules. For BN-
HBC, a pronounced island formation is visible, indicating a
Volmer—Weber or Stranski—Krastanov growth mode. How-
ever, also significant differences can be detected: Only for BN-
HBC, distinct grain boundaries are visible, which may indicate
a high degree of crystallinity. The height difference in grain
boundaries is up to 4—S nm, (Figure 9a), resulting in a
comparably high root-mean-square roughness (rms roughness)
of typically 1.7 nm for the shown area (1 X 1 pym?). Grain
boundaries are hardly visible for BN-HBP-2H and BN-HBP,
and as a result, the typical corresponding rms roughness is less
(about 0.52 nm in both cases) (Figure 9b,c). It seems that for
the nonplanar molecules, rather an amorphous growth is
preferred.
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4. CONCLUSIONS

We investigated the influence of the degree of planarity on the
electronic structure, orientation, and film growth of BN-HBC,
BN-HBP-2H, and BN-HBP. The occupied electronic states
probed by XPS and UPS reveal distinct differences. From
different (relative) core-level binding energies, we conclude
that the B—N bond has a higher polarity in BN-HBP compared
to BN-HBP-2H and BN-HBC. Further, the degree of planarity
significantly affects the unoccupied electronic structure probed
by XAS. The calculation of individual C 1s excitation spectra
allows the assignment of different transitions. As an example,
the shoulder at the lowest photon energy arises from
transitions localized at the three carbon atoms directly bonded
to boron, whereas transitions from carbon atoms directly
bonded to nitrogen appear at much higher photon energies.
The similarity of the main features of the C-K XA spectra of
BN-HBC and HBC indicates that the electronic structure of
the outer carbon atoms is only weakly affected by the BN core.
Similar to HBC, the splitting of the most intense feature A in
the C-K edge of BN-HBC is mainly caused by a lower energy
of transitions from outer C—H atoms.

The planarity has a considerable influence on growth mode
and film morphology. Although for all three molecules a flat-
lying adsorption geometry is preferred in the initial steps of
deposition, tilt angles are not negligible for BN-HBP and BN-
HBP-2H. Nevertheless, it could be shown that both BN-HBC
and BN-HBP-2H form highly ordered monolayers of
hexagonally arranged molecules. We suppose that the tilt
angles result in weaker electronic interactions at the interface
to Au(111) for BN-HBP and BN-HBP-2H, compared to BN-
HBC.

Only for BN-HBC, the preferred initial molecular
orientation is retained in films of 4—5 nm thickness. Almost
no preferred molecular orientation was observed in 4 nm thick
films of BN-HBP and BN-HBP-2H. In addition, the
crystallinity of 4—5 nm thick BN-HBC films appears distinctly

https://dx.doi.org/10.1021/acsaelm.0c00967
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higher compared to BN-HBP-2H and BN-HBP. This indicates
that the planarity of BN-HBC significantly affects the
molecule—molecule interactions and thus the ability of ordered
film growth.
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ABSTRACT: Interface properties of CoPcF;¢ on Cu(110) and Cu(110)-(2 X
1)O were investigated by X-ray photoemission spectroscopy (XPS), ultraviolet
photoemission spectroscopy (UPS), X-ray absorption spectroscopy (XAS), and
scanning tunneling microscopy (STM). The results are compared to FePcF 4 on
Cu(110)-(2 X 1)O. A charge transfer from both substrates to the central Co ion
of CoPcFy4 is observed. Unlike to FePcF 4 and related molecules, the strong
interaction between CoPcF;4 molecules of the first layer and the Cu(110)
substrate is only partially suppressed by oxygen termination. The special nature
of the electronic structure of the Co ion in Co phthalocyanines is discussed. The
analysis of the fluorine Auger parameter enables the discussion of initial and
final state effects of core level binding energy shifts in photoemission. A
bidirectional charge transfer also involving the macrocycle of CoPcF,4 molecules is concluded.

1. INTRODUCTION performed for 30 min at a temperature of 750 K. The crystal
cleanliness and orientation were checked by X-ray photo-
emission spectroscopy (XPS), low-energy electron diffraction
(LEED), and scanning tunneling microscopy (STM). The
Cu(110)-(2 X 1)O surface was prepared by exposing the clean
surface to 20 langmuirs of oxygen at room temperature,
followed by heating to 570 K for 4 min.

CoPcF,4 (Sigma-Aldrich) and FePcF;4 (SYNTHON Chem-
icals GmbH & Co. KG) powders were evaporated at rates of

The tuning of electronic interface properties between organic
molecules and metallic substrates is of enormous importance
for a broad variety of applications.'™ Strong interactions
including chemical reactions may especially alter the molecular
electronic structure of the frontier orbitals, which are
important for charge carrier transport and injection. Routes
to avoid chemical interactions at interfaces include, among
others, the optimization of the surface preparation or the

introduction of intermediate layers.4_9 Copper surfaces are 0.2—0.4 nm/min and a temperature of 650—670 K from a
among the more reactive substrates, where a stron temperature-controlled crucible. The evaporation rates were
chemisorption is observed for many organic molecules.” ™ estimated from a quartz microbalance. The nominal film
For some systems, such interactions can be avoided by an thickness was estimated from XPS intezr;sity ratios by using
oxygen termination of the copper surface 1618 sensitivity factors from Yeh and Lindau™ assuming layer-by-
The interface properties of cobalt phthalocyanine (CoPc) layer growth for each deposition step.
seem to be different compared to other transition metal The photoemission measurements (XPS and ultraviolet
phthalocyanines: In many cases, interaction at the interfaces photoemission spectroscopy (UPS)) were performed in the
between CoPcFy (X = 0, 16) and noble metals is governed by home lab by using a multichamber UHV system (base pressure
a local interaction between the Co 3d,? orbital and states of the of 2 X 107" mbar) equipped with a Phoibos 150 hemi-
metal substrate,'””” and a charge donation was observed for spherical energy analyzer (SPECS), an X-ray source with

many interfaces (e.g, refs 19—22). In this study, we compare monochromator (XR 50 M, SPECS), and a helium discharge
interface properties of CoPcFs on Cu(110) and Cu(110)-(2 lamp (SPECS). The energy resolution for XPS (excitation
X 1)O. To assess the special role of the central Co ion, the energy hv = 1486.7 eV) and UPS (hv = 21.22 eV) was 400 and
results are compared to FePcF;s on Cu(110)-(2 X 1)O.
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2. EXPERIMENTAL SECTION Revised:  April 7, 2021 e
The Cu(110) single crystal was cleaned by several cycles of Published: April 20, 2021 WL
Ar'-ion sputtering and subsequent annealing. The sputtering
was performed at a voltage of 1.0 kV for typically 30 min at an
argon partial pressure of 5 X 107> mbar, and the annealing was
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Figure 1. Thickness-dependent C 1s core level spectra for CoPcF ¢ on (a) Cu(110) and (b) Cu(110)-(2 X 1)O. Except for minor differences in
the relative energy position of the components, the same model can be applied for the description of all spectra.

Table 1. CoPcF 4 on Cu(110) and Cu(110)-(2 X 1)O: Thickness-Dependent C 1s Binding Energies as Obtained from Peak
Fits in eV

substrate thickness (nm) CF SCF CN SCN CcC SCC

Cu(110) 345 286.83 288.48 285.86 287.70 284.73 286.42

0.37 286.85 288.50 285.55 287.72 284.70 286.35

Cu(110)-(2 x 1)O 2.65 286.79 288.44 285.84 287.66 284.72 286.38

0.38 286.59 288.44 285.22 287.59 284.37 286.09
150 meV, respectively. The binding energy was calibrated with charge transfer is bidirectional.">***® First, we will discuss
respect to the Au 4f,,, (84.0 eV) and the Cu 2p;,, (932.6 eV) interactions between the CoPcF,4 macrocycle (i.e., the C and

peak positions. The peak fitting of XP spectra was performed N atoms) and the copper substrates.

by using the program Unifit.”* A Voigt profile peak shape In Figure 1, we show C 1s core level spectra for CoPcF 4 on
(convolution of Gaussian and Lorentzian peaks) and a Shirley Cu(110) and Cu(110)-(2 X 1)O at about one monolayer
model background were used. coverage (0.37 nm) compared to bulklike thin films. 0.32 nm
The corresponding X-ray absorption spectroscopy (XAS) corresponds to one monolayer of flat-lying perfluorinated
measurements of the N-K and Co-L edges have been phthalocyanines, as can be inferred from the crystal structure.”
performed at the PM4 beamline (LowDose PES endstation) Data for additional thicknesses are provided as Supporting
at BESSY II (Helmholtz-Zentrum Berlin, Germany) and the Information (Figure S1). As for related perfluorinated
measurements of the Fe-L edge at the WERA beamline at the phthalocyanines,"”*® the C 1s core level spectra for the
Karlsruhe Research Accelerator (KARA, Karlsruhe, Germany). bulklike, thickest films can be fitted by using three main
The energy resolution at the PM4 beamline was set at 100 components in sequential order from high to low binding

meV at a photon energy of 400 eV and at the WERA beamline energy: carbon bonded to fluorine (CF), bonded to nitrogen
at 220 and 340 meV at PhOtOI'l energies of 490 and. 71'0 eV. (CN), and bonded to other carbon (CC). All main peaks are
The XA spectra at both beamhne.s were monitored indirectly accompanied by their respective satellites, denoted Scg, Scxy
by measuring the total electron yield (sample current). and Scc in Figure 1. The intensity ratio estimated from the

The STM meas.uremenFs were performed in a two-‘chamber peak areas CF:CN:CC (including related satellites) of 4:1.9:2
UHV system equipped with a low-energy electron diffraction S ) 1 : :
is in reasonable agreement with the stoichiometric composi-

(LEE,D) system from OCI Vacuum Microengineering Inc. and tion (4:2:2). Energetic positions obtained from the peak fits
a variable temperature (VT)-STM from Omicrometer GmbH. I o
shown in Figure 1 are summarized in Table 1.

For the STM measur.ements, mechanically cut Pt/Ir tips were Essentially the same model can be applied for the

used. All given tunneling voltages are referenced to the sample. .

The WSxM program was used to tune the image contrast.”* description of the spectra for low coverages of about 0.37
' nm. The intensity ratio CF:CN:CC agrees well with the

expectation according to stoichiometry: 4:2.3:1.9 and 4:2:2 for

3. RESULTS AND DISCUSSION Cu(110) and Cu(110)-(2 X 1)O, respectively. The energetic
3.1. Interaction between the CoPcF,; Macrocycle and position of satellites with respect to the main lines as well as
the Substrates. Different interaction channels are observed the Lorentzian widths (0.2 eV) were kept constant. Generally
between phthalocyanines and a variety of substrates, involving higher Gaussian widths were obtained for the low coverages
both the macrocycle and the central metal atom; often the (about 0.9 eV; thicker films: about 0.7 eV), which might be
8804 https://doi.org/10.1021/acs.jpcc.1c01215
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Figure 2. Thickness-dependent N 1s core level spectra for CoPcF,4 on (a) Cu(110) and (b) Cu(110)-(2 X 1)O.
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Figure 3. Thickness-dependent N 1s excitation spectra at grazing incidence (10°) for CoPcF4 on (a) Cu(110) and (b) Cu(110)-(2 X 1)O. The
reference for the bulklike spectrum of the thickest film in (b) is taken from (a). Because of a complex background treatment, the exact

determination of the step height is complicated.

ascribed to adsorption at inequivalent adsorption sites or
another kind of disorder, which may cause a statistical
distribution of orbital energies.”'

However, the detailed analysis of energetic positions of the
C 1s components in Figure 1 (cf. Table 1) reveals distinct
differences between monolayer coverages and thicker films.
Generally, in close proximity to metallic substrates, a shift of
core level binding energies to lower values is expected due to
final state screening effects of the photohole as the additional
mirror charge screening. Such energetic shifts are often in the
range 0.3—0.6 eV.”>™ For the investigated samples these
effects may affect the observed binding energies. However,
additional effects must influence the observed energetic
positions because the peak components are not shifted by
equal amounts. Most visible in Figure 1, the distance between
CC and CN is decreased by more than 0.25 eV for molecules

8805

directly at the interface (monolayer coverage), compared to
thicker films, similar to FePcF4 on Cu(111)."° A possible
reason might be a site-dependent screening or a redistribution
of electrons for molecules of the first layer on both
substrates.”® The stronger shift of CN to lower binding
energies compared to CC at the interface would imply a
relative increase of electron density at the CN atoms of the
interface layer.

Also, N 1s spectra, shown in Figure 2, exhibit almost no
thickness-dependent changes of the peak shape (complete
series shown in Figure S2). The main line consists of two
signals of the same intensity for the pyrrole and the bridging
nitrogen atoms, denoted N1 and N2 in Figure 2. Because their
energy separation is small for related phthalocyanines
(0.3-0.5 €V),”’~* they cannot be clearly resolved by XPS.
Peak fit parameters are given as Supporting Information (Table

https://doi.org/10.1021/acs.jpcc.1c01215
J. Phys. Chem. C 2021, 125, 8803—8814
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S1). Similar to C 1s (cf. Figure 1), all N 1s spectra can be fitted
by using the same model, independent of the layer thickness.
Only the Gaussian width is slightly increased for low coverages
(by about 0.1 eV), most likely due to adsorption at
inequivalent sites of the substrate surface (cf. discussion of
the C 1s peak shape). Similar to C 1s, peak shifts to lower
binding energy are observed for low coverages CoPcF 4 on
Cu(110)-(2 X 1)O, most likely due to screening effects.

The corresponding N 1s XA spectra taken at grazing
incidence are shown in Figure 3. The CoPcF,4 molecules grow
in a preferred flat-lying adsorption geometry, as concluded
from the angular (polarization) dependence of N-K XA spectra
at higher film thicknesses (see Figure S3). Thus, at the chosen
measurement geometry, features below 404 eV arise
predominantly from transitions into 7* molecular orbitals.
For phthalocyanines, most intense 7* resonances (denoted A)
are assigned to transitions from N 1s to LUMO e, orbitals.*>**
The complex structure of feature A arises from an involvement
of the ligand LUMO in the hybridization with the central metal
atom of the Pc.*>*#~%

It was shown that 7* resonances in N-K edge absorption
spectra are very sensitive on involvement of nitrogen in the
interfacial interactions.”’”*****! Indeed, for CoPcFs on
Cu(110) distinct changes of the peak shape as a function of
the film thickness are visible in Figure 3a. The ratio between
the intensities of features A and B at photon energies of 398.2
and 400.9 eV decreases for lower coverages, reminiscent of
FePcF;s on Cu(111) or FePc on Ag(lll).ls’50 This may
indicate (partial) charge transfer from the Cu(110) substrate
to the (ligand) LUMO of CoPcF,4. Because the corresponding
N 1s core level photoemission spectra are almost unaffected by
the interface interaction, the charge transfer may occur into the
(delocalized) LUMO; in other words, the electron density is
not (only) localized at the nitrogen atoms. In contrast to the
Cu(110) substrate, for CoPcF4 on Cu(110)-(2 x 1)O (Figure
4b), the peak shape is almost the same for all thicknesses,
indicating that nitrogen is not involved in the interaction at the
interface.

A localized, strong interaction between nitrogen and the
Cu(110) substrate may result in the breaking of chemical

Figure 4. STM image of a submonolayer coverage of CoPcF,s on
Cu(110) (about 0.7 ML). The 4-fold symmetry of the molecules is
typical for phthalocyanines, indicating that the molecules remain
intact upon adsorption on Cu(110). Measurement parameters: I =
300 pA and U =07 V.
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bonds within the macrocycle of CoPcFs. To further
investigate the interface interaction in more detail, we
performed STM measurements for the apparently most
reactive interface CoPcF ;/Cu(110). In Figure 4, an STM
image of a CoPcF,4s submonolayer is shown. Clearly, the
typical 4-fold symmetry of the phthalocyanine molecules can
be identified. Similar to CoPcF,4 on Ag(110),>” the molecules
are aligned along the [110] direction of the substrate. Thus, we
conclude that the CoPcFs molecules appear intact upon
adsorption on the Cu(110) surface.

3.2. Interactions between the Central Metal Atom of
the Phthalocyanines and the Substrates. For transition
metal phthalocyanines, the study of both 2p photoemission
and X-ray absorption spectroscopy yields valuable information
about the electronic structure of the central metal atom at
interfaces. In Figure 5, we show Co 2p;,, core level
photoemission for CoPcF;4 on Cu(110) (Figure Sa) and on
Cu(110)-(2 x 1)O (Figure Sb) as a function of thickness. On
both substrates the spectrum of the thickest layer shows the
typical multiplet structure, as known for Co phthalocya-
nines.”**»*** Clearly visible, with decreasing layer thickness
an additional (interface) peak at lower binding energy
develops, located at 778.4 and 778.1 eV for CoPcFs on
Cu(110) and Cu(110)-(2 X 1)O, respectively. The lower
binding energy compared to the main component implies a
higher electron density or, in other words, a reduction of the
Co®" ion at the interface. The different binding energy on both
substrates is most likely caused by a different energy level
alignment of the first layer. Thus, a charge transfer from the
substrate to the central metal atom of the phthalocyanine
occurs on both substrates, similar to CoPcF4; on other
metals.”?%*

Also visible in Figure 5, the intensity of the interface
component is clearly different for the about monolayer
coverages (0.37 and 0.38 nm) on the two substrates. On the
Cu(110) substrate (Figure Sa), the shape of the spectrum is
typical for reduced Co at reactive metal substrates;*”*”>>>* the
intensity at binding energies >780 eV can be assigned to
satellite (i.e., multiplet) structures.*® In contrast, for the same
CoPcF4 coverage on Cu(110)-(2 x 1)O (Figure Sb), the
relative intensity at binding energies >780 eV is distinctly
increased, indicating remaining intensity from the Co**
multiplet, which is similar to CoPcF 4 at a copper intercalated
graphene/Ni(111) interface.’ Thus, it seems that not all
molecules of the first monolayer on Cu(110)-(2 X 1)O
undergo a charge transfer; apparently the interaction strength
depends crucially on the adsorption site. The importance of
different adsorption sites has been shown in detail for other
large organic molecules as, for example, 4'-(4-tolyl)-2,2":6",2"-
terpyridine on Au(111).>

Additional information about the (unoccupied) electronic
structure of the central metal atom can be gained from the
corresponding Co 2p excitation spectra. Thickness-dependent
Co Lj-edge XA spectra of CoPcF s on both substrates are
shown in Figure 6 for grazing (10°) and normal (90°)
incidence of the incoming linearly polarized synchrotron light.
The angular dependence can be understood by polarization
rules for transitions into different orbitals. For the almost flat-
lying molecules (cf. discussion of the angular dependence of N-
K XA spectra, Figure S3), transitions into orbitals with out-of-
plane components (e.g., d?) are strongest at grazing incidence,
while at normal incidence transitions into orbitals with in-plane
components (d,_ and dxy) are most intense. For a detailed

https://doi.org/10.1021/acs.jpcc.1c01215
J. Phys. Chem. C 2021, 125, 8803—8814
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Figure 5. Thickness-dependent Co 2p;, core level spectra for CoPcF4 on (a) Cu(110) and (b) Cu(110)-(2 x 1)O.

discussion of the spectral shape, see refs 5, 57, and 58. Out-of-
plane transitions are labeled with “A”, while in-plane transitions
are labeled with “B” in Figure 6. The spectra for the thickest,
bulklike film of 2.57 nm are typical for flat-lying CoPc or
CoPcF, 4 molecules on different substrates.>>**” However, for
lower coverages the peak shape of Co 2p excitation spectra
changes distinctly. While the feature A dominates the bulklike
spectra at grazing incidence, a new feature, denoted A0,
appears for lower coverages in Figure 6a,b. Such a feature AQ
was observed for CoPc on other reactive substrates, such as Ag
or Ni, and can be understood by a hybridization of the Co d2
orbital with substrate-related orbitals.””>” At the same time, at
normal incidence feature B2 disappears for low coverages
(Figure 6¢,d), indicating that the charge transfer is
accompanied by a redistribution of the d-electrons at the
central metal atom of the phthalocyanine at the interface.”

Comparing the Co L;-edge XA spectra for monolayer
coverages in Figure 6, it becomes evident that the shape
distinctly depends on the substrate. Feature AO completely
dominates the spectrum at grazing incidence on Cu(110),
whereas A is still the most intense feature on Cu(110)-(2 X
1)O. At normal incidence, feature B2 disappears on Cu(110),
while it is still visible on Cu(110)-(2 X 1)O. The behavior
indicates that for a portion of the molecules of the first layer on
Cu(110)-(2 X 1)O no charge transfer occurs at the interface.

Thus, both 2p photoemission and excitation spectra reveal
that the oxygen termination of the Cu(110)-(2 x 1)O
substrate prevents the interfacial charge transfer to the Co®*
ion only partly. This is somewhat surprising, since for even
smaller molecules like hexacene,'® an almost complete
electronic decoupling by the oxygen rows is observed. The
one-dimensional Cu—O rows, aligned along the [001]
direction of the Cu(110) surface, have a distance of about
0.51 nm, ie, distinctly smaller than the size of CoPc or
CoPcF,¢ molecules. For details of the Cu(110)-(2 X 1)O
reconstruction, see Figures S7 and S8 and refs 60—62. Thus,
one might conclude that the charge transfer occurs between
atoms of the Cu—O rows and the Co ion of the
phthalocyanine.
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The different behavior of CoPcF4 compared to other
molecules might be the special nature of the half-filled d:
orbital of the Co ion of Co phthalocyanines, which is oriented
toward the substrate for flat-lying molecules. Recent
experimental and theoretical works demonstrate that charge
transfer occurs from the formation of a molecule—metal hybrid
state, which is most likely due to a local bond between the Co
3d,; orbital and metal states.'”***¥°*** In addition, the
observation of similar interface interactions for cobalt
octaethylporphyrin and cobalt tetraphenylporhyrin on different
substrates suggests they are almost independent of the ligand
or macrocycle.ﬁs_(’7

To study the particular role of the central Co ion in CoPcF
for interface interactions, we compare our results to FePcF 4
on Cu(110)-(2 X 1)O. Fe 2p XP spectra and Fe Ly-edge XA
spectra for FePcF ¢ on Cu(110)-(2 X 1)O as a function of the
film thicknesses are shown in Figure 7. For a detailed
discussion of the peak shape, we refer to the literature on
FePc and FePcF, 204347516869 Although most literature
confirms for Fe** in FePc a °E, ground state with a
configuration (bzg)z(eg)3(alg)l, the electronic configuration is
much more flexible compared to Co? in Co phthalocya-

The Fe 2p XP spectrum of a multilayer (0.83 nm) in Figure
7a exhibits a broad multiplet structure; similar spectra were
reported for both FePc and FePcF,5.°>*"*® Most important, no
interface component can be detected in the related monolayer
spectrum, which might be expected at about 707 eV (compare,
e.g., FePcon Ag(lll)50 and FePcF 4 on Cu(111)"). Also, the
peak shape of the corresponding XA spectra is almost
independent of the film thickness; differences may also arise
from artifacts due to the complex background subtraction
procedure. For example, a feature similar to “A0” observed on
Cu(110) (Figure 6a) and related reactive interfaces'™*" at
grazing incidence of the incoming p-polarized synchrotron
light is not detectable.

Therefore, we conclude that the first monolayer of FePcF
is widely decoupled from the Cu(110)-(2 X 1)O substrate
surface. There is no evidence for a substantial charge transfer

https://doi.org/10.1021/acs.jpcc.1c01215
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Figure 6. Thickness-dependent Co 2p excitation spectra at grazing incidence (10°) for CoPcF 4 on (a) Cu(110) and (b) Cu(110)-(2 X 1)O and
normal incidence (90°) for CoPcF ¢ on (c) Cu(110) and (d) Cu(110)-(2 X 1)O.

to the Fe?* ion. The result is in good agreement with studies of
FePc on Cu(110) and Cu(110)-(2 X 1)O, where a switching
of the spin state of the central Fe ion was observed on the
strongly interacting Cu(110) substrate, while such spin
switching is absent on the oxygen-terminated Cu(110)-(2 X
1)O with weak or negligible interactions.'® As a consequence,
we are left with the conclusion that the special electronic
configuration of the Co ion in CoPcF 4 triggers the charge
transfer at some adsorption sites on Cu(110)-(2 X 1)O.

3.3. Total Interfacial Charge Transfer and Valence
Electronic Structure. So far, evidence for a rather local
charge transfer from both substrates to the Co ion of CoPcF4
was provided. In addition, for the Cu(110) substrate, also a
charge transfer to the LUMO of CoPcF,¢ was discussed. As a
consequence of such charge transfer, dipoles at the interface
are formed, which can be quantitatively determined by UPS
(for details, see Figure S4).

In Figure 8, the energy level alignment for CoPcF s on
Cu(110) and Cu(110)-(2 X 1)O is summarized. In first
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approximation, the ionization potential (IP) can be regarded as
a property of the material, although it was shown that presence
of an intrinsic surface dipole may result in distinctly different
values of the IP in highly ordered assemblies with differently
oriented molecules.”>”* The measured ionization potentials of
CoPcFyg in thin films (6.19 and 6.12 eV in Figure 8) are typical
for fluorinated phthalocyanines and in good agreement with
the literature.’” The high IP supports charge transfer to the
molecule on substrates with comparably low work function.®
Indeed, large interface dipoles are observed on both substrates
in Figure 8, indicating a total charge transfer from the substrate
to the molecule. We note that not only interfacial charge
transfer causes the formation of interface dipoles, an important
effect is the modification of the substrate work function upon
adsorption of molecules (push-back effect).”””>’® However,
for many systems values for a push-back effect in the order of
0.3—0.6 eV were found,”**”” which is distinctly lower than
dipoles determined in Figure 8.

https://doi.org/10.1021/acs.jpcc.1c01215
J. Phys. Chem. C 2021, 125, 8803—8814
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Figure 7. Thickness-dependent FePcF ¢ on Cu(110)-(2 X 1)O. (a) Fe 2p;,, core level spectra, (b) X-ray absorption spectra at grazing incidence

(10°), and (c) X-ray absorption spectra at normal incidence (90°).
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Figure 8. Energy level alignment of CoPcF ¢ on (a) Cu(110) and (b) Cu(110)-(2 X 1)O. In both cases, the large dipoles indicate a total charge

transfer from the substrate to the molecule.

The question may arise whether the charge transfer occurs
unidirectionally from the substrate to the molecule or whether
the interaction is bidirectional, as observed for related
interfaces.'”**™** To discuss a possible charge transfer from
the macrocycle to the substrate in more detail, we come back
to the core level shifts, observed in section 3.1. Generally, such
shifts can be caused by initial state effects (i.e., a different local
electron density) or final state effects as a response to the
formation of the photohole (screening).‘q’é’m_80 Whereas the
screening causes a lowering of the binding energy, an opposite
effect is expected by an electron transfer from the molecule to
the substrate (oxidation).

To distinguish between initial and final state effects,
combined photoemission and X-ray excited Auger electron
spectroscopy (XAES) can be applied.‘%(”m’go_83 The basic idea
is that different final states in XPS (one hole) and XAES (two
holes) cause different shifts in binding energy (Eg). For the
analysis of these shifts often the change of the modified Auger
parameter @' is monitored according to Aa’ = AER(XPS) +
AE,;,(XAES) (Ey, corresponds to the kinetic energy), which is
correlated to the dynamical or one-hole relaxation energy Rp
(Aa’ = 2ARp).”*"%* ARy can be correlated to the change of
the polarization energy induced by the redistribution of
environmental charges. The extra-atomic relaxation energy
Rp* is determined in macroscopic dielectric models by the
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polarization charge (1 — 1/¢)e, where ¢ is the optical dielectric
constant of the environment.

For fluorinated Pcs the absence of a local charge transfer
process at the fluorine atom allows the estimation of the
polarization screening via the corresponding Auger parame-
ter.”® In addition, in contrast to C KVV and N KVV Auger
spectra, F KLL Auger spectra include deeper valence levels
(shallow core levels), resulting in comparably well-resolved
spectra. This allows a determination of the modified fluorine
Auger parameter with an accuracy of about +0.15 eV. For a
discussion of the shape of F KLL Auger spectra we refer to the
literature.*>"

We note that fluorinated phthalocyanines might be bended
upon adsorption on metal surfaces. For submonolayers of
CuPcF ; on Cu(111) it was reported that fluorine atoms reside
0.027 nm above the benzene rings, which would result in an
underestimation of the relaxation energy for carbon and
nitrogen atoms. However, the effect is in the range of about
0.1 eV (cf. ref 36) and does not influence not the discussion
below.

In Figure 9, we compare the development of the modified
Auger parameter o' during the film growth of CoPcF 4 on
Cu(110) and Cu(110)-(2 X 1)O. The corresponding F 1s and
F KLL spectra are shown in Figures S5 and S6. Because of the
mirror charge screening effect of the metallic substrate, the

https://doi.org/10.1021/acs.jpcc.1c01215
J. Phys. Chem. C 2021, 125, 8803—8814
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Figure 9. Modified Auger parameter @’ for fluorine in CoPcF 4 as a
function of film thickness of CoPcF;4 on Cu(110) and Cu(110)-(2 X
1)O. The modified Auger parameter o’ is calculated from the binding
energy of the F 1s core level and the kinetic energy of the related F
KLL. An accuracy of +0.15 eV is estimated.

highest value of @’ in Figure 9 is found at monolayer coverages,
that is, for molecules directly at the interface, where the
screening ability is highest. Comparing the thickest films with
monolayer coverages, changes of &’ are 1.35 and 0.75 eV for
CoPcF,,/Cu(110) and CoPcF,s/Cu(110)-(2 X 1)O, respec-
tively. The higher value for Aa’ on Cu(110) can be well
understood by the closer distance of CoPcF,; molecules to the
metallic mirror plane compared to the oxygen-terminated
surface.®®” We mention that rather similar (higher or lower)
values Aa’ of 1.5 and 0.7 eV were obtained on the interfaces
CoPcF,¢/graphene/Ni(111) and CoPcF;5/Au(111),”%*® re-
spectively, which were attributed to either stronger or weaker
interacting interfaces. This similarity even extends to the Co 2p
spectra and the apparent contributions of the interface peaks as
discussed above.

Values for the relaxation energy contribution ARy, estimated
from Aa’ (Figure 9) are 0.7 and 0.4 eV for CoPcF4 on
Cu(110) and Cu(110)-(2 X 1)O, respectively. This implies

that shifts of photoemission core level spectra to lower binding

energies in the same order of magnitude might be expected as
a function of the film thickness. Whereas shifts of C 1s and
N 1s spectra of 0.2—0.3 eV are visible for CoPcF4 on
Cu(110)-(2 x 1)O, on Cu(110) thickness-dependent shifts
are almost negligible (cf. Figures 1 and 2). Thus, we are left
with the scenario that screening-related shifts to lower binding
energies, at least on Cu(110), are compensated to a large
extent by another effect: a charge transfer from the macrocycle
to the substrate at the very interface.

The complex charge transfer at both interfaces affects the
valence band spectra, shown in Figure 10 as a function of the
thickness. At about 3 nm CoPcF4 film thickness, a single
HOMO feature is visible in the spectra recorded from both
surfaces; the energetic position (energy level alignment) is
slightly different by 0.12 eV for the two surfaces (cf. Figure 8).
This might be caused by the different interaction strength or
energy level alignment of the first CoPcF 4 layer on both
substrates. Clearly visible in the spectra is the formation of
interface states (or a splitting of the HOMO) for low
coverages. Such interface states may arise from a partial filling
of the LUMO of the molecule as a consequence of the charge
transfer,”” or stronger changes of the electronic structure, such
as the formation of new states due to hybridization between
Co d orbitals and substrate-related states, as proposed for other
CoPcF ¢/metal interfaces.'”* From the XA spectra (cf. Figure
6), we conclude that a hybridization occurs at both
investigated interfaces. On the other hand, the shapes of
monolayer valence band spectra are somewhat different for the
two substrates (features A, B, and C). We ascribe these
variations to the different electronic interactions involved at
the respective interfaces, rather likely related to different
contributions of interacting molecules of the first layer on both
substrates as well as to different involvement of the macrocycle
in the interaction. Feature B, only visible for CoPcF4 on
Cu(110), might be related to the interaction between the
macrocycle and the substrate.

a) CoPcF,, on Cu(110)
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Figure 10. Thickness-dependent valence band spectra (zoom into the HOMO region) of CoPcFy, on (a) Cu(110) and (b) Cu(110)-(2 X 1)O.

Measured with an excitation energy of hv = 21.22 eV.
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4. CONCLUSIONS

We studied interface properties of CoPcF4 on Cu(110) and
Cu(110)-(2 x 1)O. In both cases, a charge transfer from the
substrate to the central Co ion of CoPcFg is observed, even if
the oxygen termination suppresses such a strong interaction for
a part of the molecules of the first monolayer. The absence of
such an interaction for FePcF;, on Cu(110)-(2 x 1)O
indicates that the interfacial interaction in the case of CoPcF4
is governed by a local interaction between the Co 3d, orbital
and states of the substrate, similar to many CoPc and CoPcF 4
interfaces to noble metals.”'**° Considering the geometry of
the Cu(110)-(2 X 1)O surface, the interaction occurs most
likely between the Co ion of CoPcF4 and atoms of Cu—O
rows of the added row reconstruction. Thus, this study
demonstrates the special nature of the Co ion in Co
phthalocyanines and related compounds.

Analyzing the energetic shifts of all core levels, distinguishing
between screening of the photohole and initial state effects, we
propose that the charge transfer between CoPcF 4 and
Cu(110) is bidirectional, involving also the macrocycle of
CoPcF . The conclusion is supported by analysis of the shape
of N-K XA spectra as a function of the thickness. It is
demonstrated that the application of the Auger parameter
concept is a very useful tool for the estimation of polarization
screening contributions in binding energy shifts of core level
photoemission spectra.
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Abstract

The electronic structure of Fe(ll) hexadecafluoro-phthalocyanine (FePcFis) and interface
properties on Au(111) and Ag(111) were investigated by photoexcited electron spectroscopies
(X-ray Photoemission spectroscopy (XPS) and X-ray absorption spectroscopy (XAS)). On
Au(111) just a weak interaction is observed, while on Ag(111) the electronic structure of
FePcFisis distinctly altered at the interface. The macrocycle as well as the central metal atom
are involved in this strong interaction on Ag(111). Valence band measurements show the
existence of an interface peak at 0.4 nm coverage. Resonant Photoemission indicates the
interface state has Fe character. However, possible scenarios for the different interaction on

the Au and Ag surfaces are discussed.

Keywords Fluorinated Phthalocyanine, polarization screening, charge transfer, interaction,

photoemission spectroscopy, X-ray absorption spectroscopy

120



1. Introduction

Molecules from the family of metal phthalocyanines have been already extensively applied in
numerous molecular devices, recently opto-electronic devices such as light-emitting diodes,
field-effect transistors, solar cells and spintronic devices are in the focus of research.* For
several transition metal phthalocyanine (TMPc) layers on noble metal surfaces (e.g. Au and
Ag), a charge transfer towards the central metal atom has been previously reported, affecting
the electronic and magnetic properties of the organic/metal interface, thus, the performance
of the molecular device. Furthermore, phthalocyanines are highly ordered in organic thin
films, which is advantageous for many properties of organic devices. The fluorination of
phthalocyanines represents an ideal route for the tuning of the ionization potential (IP), a basic
electronic parameter which can affect the interface dipole significantly and therefore, the
energy level alignment.>® In the context of applications, perfluorinated counterparts of Pcs
have demonstrated high performance and stability in air and they are used as n-type channels
in electronic devices.”® Knowledge of the electronic structure and the transport of charge
carriers in the organic devices is important for the understanding of the properties of the

device components.

We study electronic properties and the molecular orientation of FePcFi¢ in thin films on two
metal substrates (Ag and Au) with different work function. Generally low work function metals
(Ag) are more chemically reactive than metals with a high work function (Au). The electronic
structure was investigated by XPS, XAS and ResPES (resonant photoemission spectroscopy),

and the orientation by XAS.
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2. Experimental

Au(111) and Ag(111) single crystals were cleaned by cycles of argon ion sputtering and
annealing. The sputtering was carried out at a voltage of 0.8 — 1.0 kV for typically 30 min with
a pressure of 1 - 10°® mbar, subsequently the annealing was performed for 30 min at a
temperature of 770 K (Au(111)) and 800 K (Ag(111)). FePcFis purchased from SYNTHON
Chemicals GmbH & Co.KG, was resublimed and thoroughly degassed in vacuo. The molecules
were evaporated at rates of about 1-2 A/min determined by a quartz microbalance. All values
of the film thicknesses were obtained by the comparison of photoemission intensities of
substrate and overlayer related peaks assuming layer-by-layer growth. Atomic cross sections

were taken from Ref. °.

The X-ray absorption spectroscopy (XAS) and photoemission (PES) measurements have been
performed at the WERA beamline at the Karlsruhe Research Accelerator (KARA, Karlsruhe,
Germany). The energy resolution for XAS and PES was set to about 220 meV at a photon
energy of 400 eV. For the calibration of the photon energy the binding energies (BE) of the Au
4f7;, and Ag 3ds/2 peaks of 84.0 and 368.2 eV were used for PES. The absorption was monitored
indirectly by measuring the total electron yield (sample current). The x-ray absorption (XA)
spectra have been normalized to the same step height well above the ionization threshold.
For XAS the energy was calibrated to reproduce the Ni-L3z absorption edge of NiO at 853.0 eV.
For the peak-fitting procedure we assumed a Voigt profile (convolution of Gaussian and

Lorentzian peaks) and a Shirley model background.
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3. Results and Discussion

3.1. Molecular orientation in thin films

The growth of organic molecules is of enormous importance for intermolecular interactions
and thus for the electronic structure in thin films. Moreover, the orientation at interfaces can
significantly affect the strength of the interaction between the molecule and the substrate
under consideration. Planar transition metal phthalocyanines (TMPcs) grow often in a flat
lying geometry with respect to the substrate surface on single crystalline metal substrates.*
14 Nevertheless, for VOPc and VOPcFs it was obtained that the fluorination may affect the

growth mode distinctly.*®

We performed polarization dependent XAS measurements to study the molecular orientation
in thin films. For planar m-conjugated carbon systems, the molecular orientation can be
probed by monitoring the relative intensities of excitations from occupied C1s core levels into
unoccupied molecular levels (t* or 6*).1® For example, in a planar conjugated carbon system
the excitation from Cls to a ©* orbital is allowed maximal for E vertical to the molecular plane
(parallel to 2pz), whereas the transition to c* is allowed maximal for E parallel to the
molecular plane and to the chemical bond. For phthalocyanines, besides Cls-n* in a similar
manner also N1s-n* excitations can be used for the analysis of the molecular orientation,®
avoiding problems of the analysis of Cls-nt* spectra arising from common carbon

contaminations of beamline components.

In Figure 1, we show N-K edge absorption spectra of thin films of FePcFis on Au(111) and
Ag(111) as a function of the incidence angle 6 of the p-polarized synchrotron radiation to
investigate the orientation of the molecules on the different substrates (see inset). The region

at photon energies below 402 eV belongs to transitions into the rt"-orbitals, the region above

5
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to o -transitions, although we note that weak in-plane polarized transitions appear below

402 eV, 10.17-18

On both substrates the spectra show strong out-of-plane m’-transitions for grazing incidence
(10°). For normal incidence (90°), strong in-plane o"-transitions can be observed. This suggests
mainly flat-lying molecules on both substrates. A quantitative analysis of the tilt angle is
hindered by weak in-plane transitions appearing in the same region as the n* resonances? 17-
18 pecause of hybridization of unoccupied nitrogen related states with d-orbitals of the
transition metal atom.'>22 Additionally, in the case of FePcFis on Ag(111) the background

strongly affects the spectra.

N-K edge of FePcF_ thin films

NK]

on Au(111) 10°
90°

on Ag(111)

Normalized TEY (arb. units)

1.7 nm

396 407 418 429
Photon energy (eV)

Figure 1. N1s X-ray absorption spectra of thin films of FePcFis on Au(111) (upper panel) and

Ag(111) (lower panel) as a function of the incidence angle 6 of the incoming synchrotron light.
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3.2. Interface properties of the macrocycle of FePcFis on Au(111) and Ag(111)

First we focus on the different electronic behavior of the macrocycle, comparing the less
reactive Au(111) and the more reactive Ag(111) substrate. Between phthalocyanines and a
multitude of substrates different interaction channels were observed, involving both the
macrocycle and the central metal atom. In many cases the charge transfer is even

bidirectional.?3-26

In Figure 2 we show thickness dependent Cls core level spectra including detailed peak fits
for the bulk-like thin films and ultrathin films of 1-2 monolayers (ML) coverage. One monolayer
corresponds to 0.32 nm of flat lying perfluorinated phthalocyanines.?’” The spectra were
recorded at a surface sensitive excitation energy of 385 eV, which corresponds to a surface

sensitive kinetic energy of about 95 eV in case of Cls.

a) FePcF  on Au(111) b) FIePCFlI6 on A.g(lll.)
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Binding energy (eV) Binding energy (eV)
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Figure 2. Thickness dependent C1s core level spectra of FePcFis on a) Au(111) and b) Ag(111).

Measured with an excitation energy of hv = 385 eV.

The spectra recorded at the higher thicknesses of 2.9 nm and 1.7 nm on Au(111) and Ag(111),
respectively, are very similar in their peak shapes. Three main peak components can be
observed in the Cls spectrum, which may be assigned to carbon bonded to fluorine (CF),
bonded to nitrogen (CN) and bonded to other carbon (CC) atoms and the respective satellites
(Scr, Scn, Scc) from high to low binding energy. The CN-related components in the center of the
peak appear more separated in energy from the CF peak for both of the interface-related
spectra. The energetic position of all components is summarized in Table 1. Additional peak

fit data is shown in Tables S1+2.

Table 1. FePcFis on Au(111) and Ag(111): Thickness dependent Cls binding energies as

obtained from peak fits in eV.

substrate thickness (nm) CF Scr CN Scn cC Scc
Au(111) 2.9 286.92 288.59 285.95 287.79 284.82 286.51
0.5 286.54 288.14 285.44 287.36 284.37 286.13
Ag(111) 1.7 286.98 288.68 286.01 287.85 284.91 286.57
0.4 286.79 288.48 286.45 287.38 284.58 286.23

For the thin films the intensity ratios CF+Scr:CN+Scn:CC+Scc of 4.3:1.6:2 and 4.3:1.7:2 for
Au(111) and Ag(111) respectively, are in reasonable agreement with the stoichiometry of
differently bound carbon atoms in FePcFis (4:2:2). The small deviations may be explained by
the high surface sensitivity at the chosen excitation energy and the tilt angle of the molecules.
Note that for almost standing or edge on phthalocyanines the relative intensity related to the
outermost carbon (CF) would be significantly larger than that of the carbon near the
macrocycle center (CN) under these surface sensitive measurement conditions.?® Further,

some uncertainties will also derive from the assignment of the satellite intensity contributions.
8
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The stoichiometry of the Cls core level of the 0.5 nm layer on Au(111) fits rather well to the
expected stoichiometry (4:1.8:2). However, this is different for the monolayer on Ag(111). The
CF+Scr part is of lower intensity than expected. The intensity ratio of CF+Scr to CN+Scy is 1.6:1.
A possible reason is a substrate induced decomposition, similar to Perfluoro-Pentacene.? It
was shown that Perfluoro-Pentacene decomposes on Cu(111) after annealing the exposed
sample. So, the CF bonds possibly break at the interface and the carbon atoms are not
anymore bonded to fluorine atoms. Aggravating to come along, the situation at the interface
is more complex, what makes the detailed peak fit much more complicated. For more

information we will discuss the F1s core level spectra below.

Nevertheless, detailed analysis of energetic positions of the C1ls components reveals distinct
differences between the thin films and the 1-2 ML coverages. By means of the CC component,
the C1s shifts about 0.45 and 0.33 eV on Au(111) and Ag(111), respectively, to lower binding
energies from high to low coverage. Such energetic shifts of the core level binding energies
are caused by final state screening effects of the photohole as for example the additional
mirror charge screening. These energetic shifts are often in the range of 0.3 — 0.6 eV.3033 The
smaller shift on Ag(111) may indicate a different effect, which is opposite to final state
screening effects. For further investigation we take a closer look on the relative shifts of the
different C1s components (Table 2). The relative binding energies of the CC component show
negligible shifts on the Au(111) substrate, while on Ag(111) the shifts are distinctly more by
0.16 — 0.19 eV for CN and CF to CC respectively. This indicates a different electronic
redistribution on the interface. Besides the different shifts from high to low coverage this may
also indicate a different interaction of the molecules at the interface to Au(111) and Ag(111).

Shifts in the range of 0.23 eV of the CN component in respect to the CC component are often
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observed for strong interacting phthalocyanine-substrate systems as for example FePcFis on

Cu(111) or CoPcFi6 on Cu(110).25 34

Table 2: Relative binding energy shifts of C1s components from high to low coverage in eV.

CFtoCC  CNto CC
Au(111)  0.00 -0.07
Ag(111)  -0.19 -0.23

To get more evidence about the participation of the macrocycle atoms on the interaction at
the interface to both metal substrates, we take a closer look into the F1s and N1s core level
spectra (Figures 3+4). Absolute binding energies and line widths of each component of the F1s
and N1s core levels are summarized in Table $3-5. While for the F1s core level a peak fit with
only one main component can be made, the main line of the N1s consists of two signals of the
same intensity due to two chemically different nitrogen atoms in the molecule: The pyrrole
and the bridging nitrogen atoms, denoted N1 and N2. They cannot be clearly resolved by XPS,

since their energy separation is small, as shown for related phthalocyanines (0.3 - 0.5 eV).3>40

As for the C1s, the shift of the binding energy of the Fl1s and N1s core levels, going from high
to low coverage, is stronger on Au(111) than on Ag(111). However, the shift of the F1sis 0.6 eV
on Au(111) and just 0.12 eV on Ag(111), but the N1s shifts nearly by about the same amount
(0.36 and 0.30 eV on Au(111) and Ag(111), respectively, indicated by the pyrrole component

N1 in the N1s peak fit).

This also indicates a different participation of the atoms of the macrocycle on the
redistribution of charge at the interface, not only on the different substrates, but also between
the different atoms on both of the substrates. Besides the shifts, the F1s spectrum of the 0.4

nm coverage on Ag(111) reveals further information: On the low binding energy side occurs

10
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an additional component at 683.88 eV with a relative ratio of 2.5 % of the whole peak.
However, such an additional component at lower binding energy was also detected for FePcFis
on TiOy, interpreted as a formation of new bonds between the F-atoms and the substrate.*!
As a consequence, a direct bonding between the phthalocyanine and the substrate or a new
C-H bond might be formed, also explaining the lower CF ratio in the C1s peakfit (cf. Figure 2b).
Another possible reason is a substrate induced decomposition, similar to perfluoro-pentacene
on Ag and Cu substrates.*> As indicated by the striking differences in the Cls peak fits
mentioned above, we fortify that CF bonds break at the interface. It seems that fluorine atoms
partly bind to the Ag(111) surface, but may also trail off in the vacuum. This tentative claim is
due to the variational number of fluorine atoms, which are bonded to Ag and which are absent

in the CF component of the Cls.

a) FePcF_  on Au(111) b) FePcF, on Ag(111)
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Figure 3. Thickness dependent F1s core level spectra of FePcFis on a) Au(111) and b) Ag(111).
Measured with an excitation energy of hv = 900 eV. The satellite feature is located at 1.63 eV
higher binding energy than the main component F and can be explained by HOMO-LUMO

transitions.®

a) FePcF  on Au(111) b) FePcF  on Ag(111)
hv =500 eVI I N1s I I N1s
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¥
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Binding energy (eV) Binding energy (eV)
Figure 4. Thickness dependent N1s core level spectra of FePcFis on a) Au(111) and b) Ag(111).
Measured with an excitation energy of hv = 500 eV. The main line of the N1s consists of two
signals of the same intensity due to two chemically different nitrogen atoms in the molecule:
The pyrrole and the bridging nitrogen atoms, denoted N1 and N2 and one additional satellite

feature. Analogously to the F1s, this satellite feature is due to HOMO-LUMO transitions.®

There are no clear hints for interaction in the N1s core level spectra (Figure 4b), and therefore,
we also performed XAS measurements of the N-K edge in dependence of the thickness at

grazing incidence (Figure 5). As concluded from the angular (polarization) dependence of N-K

12
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XA spectra at higher film thicknesses, the FePcFis molecules grow in a preferred flat lying
adsorption geometry (see Figure 1). The features below 404 eV arise predominantly from
transitions into ©* molecular orbitals. For phthalocyanines, most intense m* resonances
(denoted A) are assigned to transitions from N1s to LUMO eg orbitals.'2° The more complex
structure of feature A arises from an involvement of the ligand LUMO in the hybridization with

the central metal atom of the Pc.1% 21-22, 26, 40, 43-45

It was shown that m* resonances in N-K edge absorption spectra are very sensitive to the
involvement of nitrogen in the interfacial interactions.'* 4% 43 46 |ndeed, there is an obvious
difference between the spectra recorded from the different substrate interfaces. While on
Au(111) the nt* resonances exhibit very similar spectra for the thin film and 1 - 2 monolayer
coverage (Figure 5a), they look distinctly different on Ag(111) (Figure 5b). The thin film
spectrum on Ag(111) is very similar to the thin film on Au(111) and other thin films of related
phthalocyanines.*® However, the spectra from the 0.4 nm ultrathin film (monolayer range)
exhibits striking differences to the former ones. Features A and B decrease drastically. A
possible reason could be a partial filling of the corresponding orbitals at the interface in
connection with the hybridization as a result of hybridization between wave functions of the
nitrogen p-orbitals and d-orbitals of the central Fe atom of the phthalocyanine.?-2% 26,40, 43,45
This behavior indicates a strong involvement of the nitrogen atoms in the interaction at the

interface.

13
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a) IFePcFI16 on Al:l(lll) | b) FIePcF}6 on A.g(lll.)
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Figure 5. Closer look into the nm* resonances of the N-K edge of FePcFis on a) Au(111) and

b) Ag(111) as a function of the thickness at grazing incidence (10°).

3.3. Involvement of the central iron atom at the interaction at the interface

Besides the macrocycle, also the central metal atom may interact with the substrate. In the
case of transition metal phthalocyanines evidence for interaction with the substrate is
delivered by the appearance of additional low binding energy peaks in the metal 2p core
levels, which likely arise from charge transfer processes towards the central metal atom
sites.?® %647 |n order to obtain evidence about a possible charge transfer we examine the Fe2p
spectra (Figure 6). On Au(111), the metal spectrum recorded from the thin film is dominated
by a feature at 708.5 eV with a complex structure to higher binding energies. This structure

arises from the complex multiplet structure of the Fe?* ion. Additionally, a broad loss peak

14
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related to the F1s appears at a binding energy of about 711 eV, which makes the background
treatment even more difficult. The dominant feature at 0.5 nm coverage appears shifted by
0.5 eV to lower binding energy, which is in the range of the shifts of the core levels of the
macrocycle and can be interpreted by final state screening effects of the photohole. At lower
binding energies a shoulder is hardly visible. This could be due to interactions between the
Au(111) substrate and the central metal atom as indicated for FePc.*® We note that different
adsorption sites are available on Au(111), where interactions with the organic molecules may

vary in strength.*

However, the Fe2p interface spectrum on Ag(111) looks different: A new feature at 706.8 eV
dominates the spectrum. This feature is located at about 2 eV lower binding energy than for
the thin film and can be assigned to reduced iron, as also detected for FePc on Ag(111).1* Thus,
we also assume a charge transfer from the substrate to the central metal atom of the

phthalocyanine.
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a)  FePcF, on Au(111) b)  FePcF, on Ag(111)
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Figure 6. Thickness dependent Fe2p core level spectra of FePcFison a) Au(111)and b) Ag(111).

Measured with an excitation energy of hv = 900 eV.

XAS measurements of the Fe edge provide a great tool to obtain further information about
the electronic structure of unoccupied states of the Fe ion. Fe-L3 edge spectra at grazing and
normal incidence as a function of the film thickness are shown in Figure 7. The angular
dependence can be explained by the polarization influence on the intensities for transitions
into different orbitals.>® For the almost flat lying molecules (cf. discussion of the angular
dependence of N-K XA spectra, Figure 1), transitions into orbitals with in-plane components
(dx2-y2 and dyy) are strongest at normal incidence, while at grazing incidence transitions into
orbitals with out-of-plane components (dx;, dy;, dz2) are most intense. For a detailed discussion
of the spectral shape, see Refs. °%->2, The prominent features in the spectra recorded at grazing
incidence are labeled “A” and represent out-of-plane transitions into a1z and eg orbitals, while

the distinctly different features labeled “B” observed at normal incidence conditions represent
16

134



in-plane transitions, which are dominated by excitations into b1g and byg orbitals, but also carry
some weaker contributions related to other symmetries (Figure 7). Both multilayer film Fe-Ls
edge spectra measured on Ag(111) (Figure 7b+d) appear as expected for flat lying iron
phthalocyanines, as for example FePcF1s on MoS; or the related FePc on Ag(111).1% >3 Features

A1l (grazing incidence) and B2 (normal incidence) clearly dominate the corresponding spectra.

However, the Fe-Ls edge spectra of the thin film on Au(111) exhibit notable differences. At
grazing incidence, besides feature Al a feature at higher photon energy becomes also
prominent, which is assigned to B2 superimposed on A3 contributions. Further, the relative
A1l intensity with respect to the edge jump is lower than for the thin film on Ag(111). This is
apparently caused by the higher tilt angle of the FePcFis molecules in the investigated
multilayer film on Au(111) compared to Ag(111) (cf. discussion of the tilt angle, Figure 1). In
this case also features arising from in-plane transitions are enhanced at grazing incidence.
However, the Fe-L3 spectra representing 0.5 nm coverage of FePcFis on Au(111) are
comparable to the FePcFi6 thin film spectra on Ag(111), which are due to flat lying molecules
in these ultrathin films at the interface (cf. angle dependent N-K edge spectra, Figure S1).
Comparing the Fe-Ls edge absorption spectra for the interface sensitive 1-2 monolayer
coverages in Figure 7, it becomes evident that the corresponding spectral shape depends
distinctly on the substrate. On Ag(111) a new feature A0 dominates the spectrum at grazing
incidence, while A1 disappears completely. Analogously to related systems,?® 46 feature AO
can be understood by an hybridization of Fe related and substrate related orbitals as a result
of the chemisorption of FePcFis on the substrate surface. At normal incidence features B1 and
B2 also disappear and two different features at 708.4 and 709.8 eV dominate the spectrum.
To sum up, the data presented in Figure 7b+d clearly demonstrate that the d-orbitals related

to feature A1l at grazing incidence and features B1 and B2 at normal incidence are involved in

17
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the interaction between the central metal Fe atom of FePcFis and Ag(111). These features
result from transitions into all 3d-orbitals, except the 3dxy-orbital. For more information about

the assignment of the orbitals we refer to the literature.?*22
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Figure 7. Fe L3 edge spectra of FePcFis on Au(111) (a+c) and Ag(111) (b+d) as a function of the

thickness at grazing and normal incidence. The feature AO at grazing incidence of FePcFis on
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Ag(111) (b) can be understood by a hybridization of Fe and substrate related orbitals at the

interface.

In order to shed more light on the different interaction of FePcFis on both substrates, we
performed valence band measurements at an excitation energy of 140 eV (Figure 8). At this
photon energy, states with metal character are enhanced according to the corresponding
photoelectron cross sections.’ For interpretation of the 1-2 ML coverage spectra it is
important to compare the spectra to those of the clean substrate. Both substrates, Au(111)
and Ag(111), show no features in the HOMO region (Figure 8c+d) at this energy. Thus, features

in the 1-2 ML spectra can be assigned to FePcFis.

In the spectra representing 1-2 ML coverage (Figure 8a+b) one dominant feature can be
observed on each substrate (green and red arrow on Au(111) and Ag(111), respectively). On
Au(111) this broad feature can be assigned to the interface HOMO of FePcFis with a typical
binding energy of about 1 eV.>® However, on Ag(111) a distinct feature appears at a binding
energy of 0.4 eV. This feature can be assigned to the formation of an interface state, for
example caused by a partial filling of the LUMO of the molecules as a consequence of the
charge transfer, 3* 3% or a formation of new states caused by hybridization between Fe d-
orbitals and substrate related states, as proposed for related CoPcFie/metal interfaces.3* 473>

Such an interface state is often observed for strongly interacting metal phthalocyanine/ metal

systems, as for example FePc on Ag(111).%4
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Figure 8. Zoom into the HOMO region of a) 0.5 nm FePcFisc on Au(111) and b) 0.4 nm
on Ag(111). For comparison the clean substrate is also shown: c) Au(111) and d) Ag(111).

Measured with an excitation energy of hv = 140 eV at normal emission.

Resonant photoemission can show the contributions of different atomic species to electronic
states in the valence band. We performed ResPES measurements with an excitation energy
close the absorption threshold of the Fe 2p core level on a sample of 0.4 nm FePcFis on
Ag(111) (Figure 9). Because of final state interference between direct photoemission from the
3d states and autoionization processes following the 2p = 3d core excitation,’® this

experiment can show contributions of Fe-related states to the interface state. The y-axis
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represents the excitation energy, while the x-axis represents the binding energy. On the color

scale, blue represents the highest and brown the lowest intensity.

The fermi-edge at a binding energy of 0 eV is clearly visible. From XAS (Figure 7) excitation
energies for Fe related resonant transitions are known and can be used for resonant excitation

of the fermi region.

With an excitation energy between 707 and 709 eV, additional intensity is detected between
binding energies of 0 and 2 eV. Additional intensity most notably right above the Fermi edge
around 0.4 eV, is caused by resonant excitation and indicates Fe related states. The data
clearly shows that the gap states (interface states) at the fermi edge possess distinct iron
character and thus, these findings provide an additional hint for a strong interaction of the
central metal atom on the interface to Ag(111). The relationship between gap states and the

central iron atom was also determined for FePc on Ag(111).14
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Figure 9. Resonant photoemission spectroscopy (ResPES) of a 0.4 nm layer FePcFis on Ag(111).
It is possible to identify Fe related states by the right choice of the excitation energy known
from XAS. The intensity of Fe related states can be indicated by the blue color. For excitation

linearly polarized light with an angle of incidence of 6 = 40° was used.

Conclusions

We studied the electronic structure and orientation of thin films and 1-2 ML coverage of
FePcFis on Au(111) and Ag(111). On both studied substrates, FePcFis grows in a preferred flat
lying adsorption geometry. The interaction strengths at the FePcFis/Au(111) and
FePcF16/Ag(111) interfaces however, are distinctly different. While the interaction between
FePcFis and Au(111) is comparably weak, we report a strong interaction between FePcFis and
Ag(111). At the interface to Ag(111), the electronic structure of both the FePcFis macrocycle
and the central Fe atom is drastically changed. The alteration of the macrocycle electronic
structure is shown by XPS core level shifts and changes in the N-K edge absorption spectra
indicating charge transfer from the substrate to the macrocycle. From interface peaks in the
Fe 2p core level and the Ls; edge absorption spectra, we conclude that the electronic structure
of the central Fe atom is changed at the interface to Ag(111) as well. The strong interaction is
accompanied by the formation of gap states near the Fermi edge. ResPES studies reveal that
these gap states are of partial Fe character. Our study shows that the choice of substrate has

major effect on the electronic structure of the adsorbed FePcFis atoms.
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Abstract

BN-substituted nanographene molecules are currently in focus of interest because the
substitution of C-C units by isoelectronic and isosteric BN-units is a straightforward way of
changing electronic properties of nanographenes. The substitution strongly influences the usage
of the molecules in electronic devices. Interactions at the interface between the organic
molecules and possible metal electrode materials influence the possible use for applications.
Thus, we investigated interface properties of the prominent nanographene Hexa-peri-
hexabenzocoronene (HBC) and the parent BN doped BsNs-hexa-peri-hexabenzocoronene (BN-
HBC) and BsNs-hexabenzotriphenylen (BN-HBP) mainly by means of photoelectron spectroscopy
(PES). The substitution of the inner benzene ring of HBC by a borazine core (resulting in BN-HBC
changes the nature of interaction strongly, but also the loss of planarity (resulting in BN-HBP)

reveals distinct changes of the interface properties.

Keywords

Hexa-peri-hexabenzocoronene, BN doped hexa-peri-hexabenzocoronene, BN doped
hexabenzotriphenylene, interaction, photoemission, scanning tunneling microscopy, planarity,

m-conjugated systems, reactive surfaces
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Introduction

In the last decade, the research interest in polycyclic aromatic hydrocarbons (PAHs) grows very
fast, supported mainly by the experimental accessibility of graphene.! PAHs are also called
“nanographenes” and can be regarded as the starting point for a bottom-up approach for the
graphene synthesis.>> The bottom-up synthesis allows access to monodisperse nanographenes
with defined structures and properties, whereas top-down approaches cannot control the
resulting structure or size distribution of the nanographenes.®’ One prominent representative
of the class of nanographenes is hexa-peri-hexabenzocoronene (HBC, Figure 1), a planar molecule
that exhibits magnificent electronic properties, such as a very high charge carrier mobility.8°
Because of the magnificent electronic properties, HBC has been studied intensely for possible
applications in electronic devices.® 101 A well-known path to modify the electronic
characteristics of nanographenes is the substitution of C-C units by isosteric and isoelectronic B-
N units.1”22 Actually it was possible to incorporate a borazine core (B3Ns) in the center of HBC
(BN-HBC, Figure 1) in an atom-precise manner.?? Borazine doping results in a tuning of the band
gap in the same energy range as of carbon-doped hexagonal boron nitride (h-BN).?* This agrees
with the increasing HOMO-LUMO gap of borazine substituted aromatic rings in
nanographenes.?>2® For BN-HBC and his parent molecule HBC, the substitution specifically
changes the nature of the lowest unoccupied molecular orbital (LUMO).2”-28 n the last four years,
the first experiments to identify the electronic structure, the adsorption geometry, film

morphology and interaction of BN-HBC at Au(111) surfaces were realised successfully.?* 28-2°
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Besides the substitution of benzene by a borazine unit, it is also possible to modify the
surrounding m-conjugated carbon system. BsNs-hexabenzotriphenylene (BN-HBP, Figure 1) has
got three CC-bonds less compared to BN-HBC, what results in a propeller-like structure and the
loss of the planar structure. With the loss of the planarity, the molecules are not anymore flat
lying on the Au(111) surface.?® This observation results in a different adsorption geometry, film

morphology and electronic structure.

In our research we investigate if the substitution of benzene by a borazine ring results in a
different interaction strength at the interface to metal substrates. For this we choose metal
substrates with different reactivities (Au(111) < Cu(111) < Ni(111)). Furthermore, we investigate
if there is a change in reactivity when modifying the number of CC-bonds in the n-conjugated

carbon system (BN-HBC vs. BN-HBP).
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Figure 1. Chemical structure (top) and geometric structure as obtained from DFT (bottom) of
hexa-peri-hexabenzocoronene (HBC), B:N3-doped hexa-peri-hexabenzocoronene (BN-HBC) and
the propeller-like BsN3-hexabenzotriphenylene (BN-HBP) (carbon atoms are dark grey, hydrogen
light grey, nitrogen blue and boron red). HBC and BN-HBC are planar molecules, while BN-HBP is

nonplanar due to steric hindrance.

Methods and Experimental

The Au(111) single crystal was cleaned by several cycles of Ar*-ion sputtering with 0.8 kV for 30
min at an argon partial pressure of 5 - 10° mbar and subsequent annealing for 30 min at a

temperature of 770 K. The orientation and cleanliness were checked by LEED, XPS, UPS and STM.
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The molecules were evaporated at rates of about 0.2 — 0.4 nm/min by a Knudsen-cell with a
temperature-controlled crucible. The rates were estimated by a quartz microbalance. During
evaporation, the crystal was held at room temperature. Film thickness was determined by the
XPS intensity ratios assuming layer-by-layer growth and using sensitivity factors from Yeh and
Lindau.3? HBC, BN-HBC and BN-HBP were synthesized in the organic chemistry labs of Tiibingen
university. Photoemission (PES) measurements were performed in our home laboratory in a
multi-chamber UHV system equipped with a Phoibos 150 Hemispherical Energy Analyzer (SPECS)
and an X-ray source with monochromator (XR 50 M, SPECS). The base-pressure was 2 - 1019 mbar
and the excitation energies were 1486.6 eV and 40.8 eV for XPS and UPS, respectively. The
binding energy was calibrated with respect to the Au4f;;; (84.00 eV) and the Cu2ps/; (932.56 eV)
peak positions. Peak fitting of XPS spectra was performed using the program Unifit.3! A Shirley
model background and a Voigt profiles (convolution of Gaussian and Lorentzian peaks) were used
for the peak fitting procedure of the core levels. The error of absolute binding energies is

estimated to be less than £ 0.05 eV.

The STM measurements were performed in a two-chamber system equipped with a variable
temperature (VT)-STM from Omicron GmbH and a LEED/AES spectrometer from OCl Vacuum
Microengineering Inc. Mechanically cut Pt/Ir tips were used for the STM measurements. Sample
and tip were held at room temperature and all given tunneling voltages are given with respect to
the sample. For the shown STM images, the WSxM program was used to improve the image

contrast and apply light filtering.3?
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Results and Discussion

Electronic structure of thin films

For a detailed study of the interfaces of the investigated molecules (Figure 1) to metallic
substrates, a look into the bulk electronic structure is indispensable. In thin films, influence of the
substrate on the peak shape can be neglected. XP core level spectra of thin films of HBC, BN-HBC
and BN-HBP are shown in Figure 2. Binding energies of the core levels and the different peak fit
components are summarized in Table 1, additional data (Gaussian + Lorentzian widths) can be

found in Table S1+2 (supporting information).

HBC consists of two different kinds of carbon atoms: carbon in the inside, which is bonded just
to other carbon (CC) and the carbons at the outside, which are bonded also to hydrogen (CH)
(Figure 1a). This kind of separation results in a stoichiometric ratio of 24:18 (CC:CH), which was
adopted for the peak fit. The respective Cls peak fit matches very well to the experimental data
(Figure 2a). The two components are separated by 0.27 eV. In agreement with the literature on
graphene nanoribbons3? and related acenes3#3°> the CH component appears at a lower binding

energy compared to CC.

Through the exchange of the inner benzene (Cs) with a borazine ring (BsNs3) (BN-HBC), two
additional carbon components have to be considered: carbon bonded to nitrogen (CN) and
carbon bonded to boron (CB). Further, calculations showed that the binding energy of CC carbons
in proximity to nitrogen (CCN) is somewhat lower compared to CC carbons in proximity to boron
(CCB).?° Consequently, for BN-HBC the stoichiometric ratio of the involved carbon components

results in 18:6:6:3:3 (CH:CCN:CCB:CN:CB). Besides the exchange of the inner core, a breaking of

7
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three C-C bonds in the outer carbon systems results in the propeller-like BN-HBP with a
stoichiometric ratio of 24:3:3:3:3 (CH:CCN:CCB:CN:CB). The CC-CH separation in both BN
molecules is larger compared to the parent HBC. Thus, the exchange of the inner benzene by a
borazine ring causes a different electronic structure for all carbon atoms. The N1s and B1s spectra
(Figure 2b+c) can be described by a single component for both BN-HBC and BN-HBP molecules.
The similarity of the spectra may be related to the rather similar chemical environments of the N
and B atoms in both molecules. For more detailed analysis of thin films of BN-HBC and BN-HBP

we refer to reference 2°.
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Figure 2. Core level spectra of thin films of HBC, BN-HBC and BN-HBP on Au(111): a) C1s, b) N1s
and c) Bls. Peak fit data of the different components and sum curves have been added to the

experimental data.
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Table 1. Absolute core level binding energies of the thin films of HBC, BN-HBC and BN-HBP shown

in Figure 2 in eV.

Cls
cc CH
HBC 284.61 284.34
CN CCB CCN CH CB N1s Bls

BN-HBC 285.71 285.03 284.88 284.51 283.91 398.92 189.60
BN-HBP 285.44 284.88 284.73 284.29 284.09 398.75 190.00

Electronic structure of HBC on various reactive metal interfaces

For the possible application of HBC in electronic devices, the interface characteristics of possible
electrode materials are of enormous importance. If physisorption is the main adsorption process
on the interface of the substrate and the organic molecules, no or just weak changes in the peak
shape between the thin film and the monolayer (ML) can be expected.?® 33° However, if
chemisorption processes dominate the interface, the peak shape of the core levels may change
drastically, indicated by additional components and/or strong binding energy shifts of individual
components.?%-4¢ Therefore, we investigated 1-2 monolayer (ML) coverage of HBC on Au(111),
Cu(111) and Ni(111) using Cls core level photoemission (Figure 3). For a detailed study,
exemplary peak fits were performed. Additional information is summarized in Figure S1 (Cls
series of different film thicknesses on all three metal substrates) and Table S3-S5 (binding
energies of each peak fit component + Gaussian and Lorentzian widths) in the supporting
information. The observed energetic shifts of the monolayer peaks to lower binding energies with
respect to the thin films for HBC on all three substrates can be ascribed to additional screening

of the photohole at the interface to the metal, mostly due to mirror charges (Figure S1 + Table
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$3). For many organic-metal interfaces effects of the same magnitude were observed.*’->°
Nevertheless, the shifts in binding energy are of different amount on the different substrates,
which may be caused by different kinds of interaction at the interfaces. In principle, the 1-2 ML
films on Au(111) and Cu(111) can be described similarly as the related thin films, only two
components are required to fit the experimental data. On Au(111) Gaussian widths are
somewhat lower (0.1 eV) than in the thin film, while on Cu(111) Gaussian widths are slightly
higher (0.02 eV). This may be caused by slightly different strength of interaction comparing both
substrates and a resultant slight redistribution of charge at the interfaces, but nevertheless, the

interaction of HBC on both substrates is apparently weak.

Compared to Au(111) and Cu(111), the 1-2 ML C1s spectrum on Ni(111) looks distinctly different
to the related thin film spectrum. The peak shape changes drastically. At the low binding energy
side, additional intensity arises. Two new interface features (IF1 and IF2) located at 284.26 and
283.51 eV must be introduced compared to the thin film to match the experimental data. These
two features can be ascribed to smaller fragments of HBC and Nickel carbide (NiC) formed at the
interface.®® In addition, the ratio of CC/CH changes also distinctly: In the thin film it is 24 - 18
(stoichiometric), but at the interface 24 - 13.9. From the additional interface components and
the distinct change of the CC/CH ratio, we conclude a very strong interaction, that implicates a
breaking of the bonds in the HBC molecules to form smaller fragments and NiC-species on the
surface. It was reported that organic molecules can underlie a fragmentation at strongly reactive
interfaces.*> 23 |n addition, the peak shape is asymmetric to the higher binding energy side,
which reminds of graphene on Ni(111).4>>* Thus, we used an additional asymmetry parameter

of 0.14 for the C1s components, which is in good agreement to graphene on Ni(111).>>>¢
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Figure 3. Core level spectra of 1-2 monolayer coverage HBC on Au(111) (top panel), Cu(111)
(middle panel) and Ni(111) (bottom panel). HBC consists of two different kinds of carbon atoms:
carbon in the inside, which is bonded just to other carbon (CC) and the carbons at the outside,
which are bonded also to hydrogen (CH). In addition two interface components were added for

the ML on Ni(111), which are described in the text.

For further investigation, a submonolayer of HBC on Ni(111) was prepared and investigated using
STM (Figure 4). Most of the HBC molecules are clearly separated and can be made out as single
molecules (Figure 4a). Adsorbed molecules with less neighbours and thus more free space
around them are much larger (2.15 nm) than the expected value of about 1.46 + 0.01 nm
(Figure 4b), that was reported on Au(111) for monolayer coverage.?® >7->8 The apparent height of

the molecules in respect to the Ni(111) surface is determined as 0.2 nm. That indicates a short

11
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bond distance and a strong interaction between the molecules and the Ni(111)>° and is a
comparable value to graphene on Ni(111)..° We note, STM measurements include a complex
interplay between the STM tip, the substrate and the electronic structure of the molecule.
Molecular levels can get mixed, broadened or shifted because of the interaction with the
substrate.®! Ni(111) is a very strongly reactive surface and thus the electron densities of the HBC
molecules and the substrate may overlap and the molecules appear broader. We may also
recognize several molecules on the surface, which apparently show no clear separation to direct
neighbour molecules, which show no separation between each other (Figure 4c). Hence, the
electron densities are also overlapping, perhaps due to the fragmentation of the HBC molecules
and new formed bonds, according to the Cls core level. Previously it was shown that
nanographene molecules like pentacene can form graphene sheets on Ni(111) after annealing.

However, this did not happen without annealing at room temperature deposition conditions.®?

HBC on Ni(111)

%
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W/

no separation

;

4

\*

2 3
X (nm)

Figure 4. a) STM image of HBC on Ni(111) in submonolayer coverage (0.8 ML) (U =-1.0V, | = 500
pA). b) Line profile of a single molecule (l). c) Line profile of two molecules with no separation in

between ().
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Electronic structure of BN-HBC on various reactive metal interfaces
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Figure 5. Core level spectra of 1-2 monolayer coverage BN-HBC on Au(111) (top panel), Cu(111)
(middle panel) and Ni(111) (bottom panel): a) C1s, b) N1s and c) B1s. BN-HBC consists of five
different kinds of carbon atoms: carbon bonded to hydrogen (CH), bonded to boron (CB), bonded
to nitrogen (CN) and carbon bonded to carbon in proximity to nitrogen (CCN) and to boron (CCB).
All N and B atoms are in the same chemical environment. In addition, interface components were

added, which are described in the text.

To investigate the interface characteristics of the BsN3 doped nanographene molecule BN-HBC,
we performed XPS measurements of ultrathin films of 1-2 ML coverage on various reactive metal
substrates (Figure 5). Additional data can be reviewed in Figure $2-54 (thickness dependent core
level series) and Table S6-S8 (absolute binding energies, Gaussian and Lorentzian widths). From
the thickness dependent core level series of Cls (indicated by CH), N1s and B1s (Figure S2-S4) a

shift to lower binding energy from high to low coverage can be extracted and illustrated (Figure
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6). Analogously to HBC, the shifts can be essentially ascribed to a screening of the photohole at
the interface to the metal due to mirror charges. Obviously, the core level shifts are of different
amount on substrates exhibiting different reactivities (Figure 6). Except the Bls core level shift
on Ni(111), the shifts on the more reactive substrates Cu(111) and Ni(111) are smaller compared
to Au(111). This is evidence for differences in the interaction at the interface between BN-HBC
and the metal substrates comparing the less reactive substrate Au(111) with the more reactive

substrates Cu(111) and Ni(111).
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s A onNi(111) |]
-0.7
N1s Cls Bls

Core levels of BN-HBC

Figure 6. Difference in binding energies between the thin films and the ultrathin films of 1-2 ML
coverage for BN-HBC on Au, Cu and Ni(111) in eV. The shift of the Cls is indicated by the CH

component.

For a more detailed analysis of the interaction at the interface between BN-HBC and the different
metal substrates we performed a detailed peak fit analysis of the ultrathin films of 1-2 ML
coverage (Figure 5). Analogously to the thin film on Au(111), the N1s and B1s core levels can be

fitted by one component (Figure 5b+c). For the Cls core level a small additional component to
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the higher binding energy side must be used to fit the experimental data (Figure 5a). However,
on Cu(111) we had to take into account an additional component at the higher binding energy
side to fit the experimental data for each core level appropriately (middle panel in Figure 5a-c).
On Ni(111) a distinctly stronger change in the peak shape of the ultrathin film of 1-2 ML coverage,
compared to the thin film, (Figure $2-S4) can be made out. For the N1s and B1s core level one
additional component at the higher binding energy side is enough to fit the experimental data.
However, to model the experimental data of the Cls core level an additional component to the
lower binding energy side (283.89 eV) and an asymmetry parameter of 0.1 was used for all

components.

The small additional components at the higher binding energy side at different metal substrates
may be interpreted by molecules adsorbed at more reactive sites, like vacancies or steps as
observed for other organic-metal systems.®® The additional component to the lower binding
energy side on Ni(111) can be related to partial fragmentation and the asymmetric peak shape
also reminds on graphene like peak shapes as discussed for HBC. All in all it is obvious that the
strength of interaction of BN-HBC at the interface increases in the row Au(111) < Cu(111) <
Ni(111). This is consistent with previous investigations of organic molecules on different metal
substrates as for example PTCDA on Au(111) and Cu(111), where physisorption is suggested for
PTCDA on Au(111) and chemisorption on Cu(111).%* Ni(111) is often used for on-surface
syntheses because of its catalytical properties.®> 8567 Comparing Ni(111) with Cu(111) it was
shown that pentacene can be transformed to graphene at much lower temperatures on Ni(111),

indicating amongst others a stronger reactivity of the surface.®®
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Electronic structure of BN-HBP on various reactive metal interfaces

In a next step we investigate the interaction of the nonplanar BN-HBP on Au(111) and Ni(111)
surfaces. At first glance BN-HBP and BN-HBC look very similar, but while BN-HBC is completely
planar, three CC-bonds of the outer n-conjugated carbon systems of BN-HBC are broken to form
the nonplanar propeller-like BN-HBP (see Figure 1). Similar to BN-HBC, BN-HBP consists of 36 C,
3 B and 3 N atoms, but a different amount of H atoms (24 instead of 18) due to the breaking of
the three CC bonds in the m-conjugated carbon system. These structural differences lead to
different growth modes and electronic properties, as shown in a previous study about thin films
of BN-HBC and BN-HBP.?° To understand the thin film properties we also performed thickness
dependent XPS measurements of ultrathin films of 1-2 ML coverage up to thin films of BN-HBP
on the less reactive Au(111) and more reactive Ni(111) surface (Figure S5-S7). As before, we
performed detailed peak fits (Figure 7). Additional peak fit data can be reviewed in Tables S9-S13

(supporting information).

A comparison of the core level binding energies of the thin film and the monolayer of BN-HBP on
these two metal substrates reveal a typical shift of 0.19 — 0.29 eV to lower binding energies due
to screening of the photohole at the interface. For the two core levels of the borazine core, the
same shift of 0.20 + 0.05 eV can be observed. For the peak fit of the spectra representing 1-2 ML
coverage just one component was used, as expected from the chemical environment of the
molecule. Hence, we see no evidence for interaction of the borazine core at the interface to
Au(111). On the other hand, additional intensity in the C1s spectrum of the monolayer is obvious
and may be described by an additional peak at a binding energy of 284.80 eV. For the

interpretation of the Cls core level spectrum on Au(111), one must have in mind that BN-HBP is
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not planar like BN-HBC, whereby not all atoms have the same distance to the substrate surface.
In a recent study, it was shown, that a monolayer of BN-HBP is not flat lying on Au(111) and that
the interaction at the interface of BN-HBC on Au(111) is much stronger than for BN-HBP.?° No
evidence for interactions involving significant charge transfer of BN-HBP on Au(111) was found.
We suggest that this additional intensity is caused by the random orientation of BN-HBP on
Au(111) we mentioned above. Because of the twisted shape of the molecule, not all the atoms
with the same nominal bonding environment in the molecule (CH, CCB, CCN, CN, CB) have the
same distance to the Au(111) surface. Thus, the geometrical and electronic environment of the
equivalent carbon atoms within one component of the molecule becomes different at the
interface to the metal substrates is different. This is supported by slightly higher Gaussian widths

of the C1ls components at the interface (Table $10).
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Figure 7. Core level spectra of 1-2 monolayer coverage BN-HBP on Au(111) (top panel) and Ni(111)

(bottom panel): a) C1s, b) N1s and c) B1s. BN-HBP consists of five different kinds of carbon atoms:
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carbon bonded to hydrogen (CH), bonded to boron (CB), bonded to nitrogen (CN) and carbon
bonded to carbon in proximity to nitrogen (CCN) and to boron (CCB). All N and B atoms are in the
same chemical environment. In addition, interface components were added, which are described

in the text.

On the strongly reactive Ni(111) substrate, a totally different situation occurs (Figure 7, bottom
panel). While the peak fits of the thin films are very similar to BN-HBP on Au(111), the interaction
at the interface to Ni(111) is much more complex and consequently, the spectral shape is more
difficult to explain. Besides the strong shifts to lower binding energies, significant differences in
the peak shape of the ultrathin film of 1-2 ML coverage compared to the thin film are obvious,
indicated by a tail to higher binding energies (Cls), additional interface components and a
broadening of the peaks (C1s, N1s, B1s). The C1s and N1s core levels (Figure 7a+b, bottom panel)
recorded from the ultrathin film of BN-HBP on Ni(111) can be described in a similar manner
compared to BN-HBC (Figure 4a+b), by adding another component and an asymmetric peak
shape (asymmetry parameter 0.1) in the case of the Cls. However a distinct broadening of the
Gaussian width occurs (Table S10), which can be interpreted by molecules interacting differently
strong with the Ni(111) substrate and thus, exhibit different energetic positions. In contrast,
distinct differences to BN-HBC can be observed in the B1s core level of BN-HBP (Figure 7c). In the
spectra measured from the ultrathin film of 1-2 ML coverage a very intensive new peak arises at
lower binding energy (IF2). This peak decreases for higher coverages and in parallel increases the
component labeled B, and it finally develops towards the bulk signal (Figure 8+S7, Table S13).
Thus, the two components can be clearly assigned to a bulk-like component (B) and an interface

related component (IF2). The small IF1 component, which was more intense for BN-HBC on
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Ni(111) plays just an underpart for the interpretation of the interaction of BN-HBP on Ni(111).
Because of these drastic changes in the peak shapes of the core levels at the interface, a partial
fragmentation of BN-HBP on Ni(111) cannot be ruled out. Compared to the planar BN-HBC, the
nonplanar BN-HBP seems to interact stronger with the Ni(111) surface. We suggest this is due to

the more stabilizing effect of the larger n-conjugated carbon system of BN-HBC.
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Figure 8. Intensity ratios (relative areas) of the peak fit components of the Bls core level series of

BN-HBP on Ni(111). Assignments refer to the components shown in Figure S7b.

Conclusions

We investigated the interface properties of the molecules HBC, BN-HBC and BN-HBP on different

possible metal electrode materials. The nature of interaction at the interface is strongly

19

165



influenced by the exchange of the inner benzene ring of HBC by a borazine core, resulting in BN-

HBC, but also by the loss of planarity, resulting in BN-HBP.

It is apparent that the interaction strength of the investigated nanographene molecules at the
interface is strongly dependent on the underlying substrate. Only weak interactions are observed
at the interface to Au(111) for all of the three investigated molecules. Essentially, the monolayer
core level peaks can be described by the same peak fit model than the thin films of the respective
molecule. For HBC no interface component is needed for the peak fits, while for BN-HBC a small
additional component is added in the Cls. The relatively large interface component for BN-HBP
might arise from the fact that the carbon atoms can have different distances to the Au(111)
surface due to the twisted shape of the molecule. The adsorption process can mainly be
described by physisorption and the electronic structure of the molecules at the interface is not

significantly altered.

On Cu(111) we can clearly see the influence of the BN-doping. Although, Cu(111) is more reactive
than Au(111), we cannot see drastic changes in the Cls core level of HBC (besides a larger
Gaussian width). However, for BN-HBC one additional component for each core level is needed
to fit the experimental data. This indicates a stronger interaction at the interface through BN-

doping.

The situation at the interface is completely different when Ni(111) is used as a substrate.
Compared to the thin film, the 1-2 ML C1s spectra of HBC, BN-HBC and BN-HBP on Ni(111) have
very different peak shapes and interface features or asymmetries have to be introduced for an

adequate description of the core levels. The different peak shapes might be caused by a very
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strong chemisorption or even fragmentation of the molecules: For the C1s core level of HBC, the
two interface peaks might arise from smaller HBC fragments or NiC species. The STM image
however still shows dedicated molecules. For the BN-HBC and BN-HBP core levels on Ni(111),
interface peaks and asymmetries need to be introduced as well. The peak shape changes and
energetic shifts are even more drastic for BN-HBP than for BN-HBC - the nonplanarity, the smaller
n-system and the more random orientation of BN-HBP seem to be further destabilizing factors

leading to a fragmentation of the molecules.

Associated Content

Supporting Information

Additional peakfitparameters, core level series of each experiment.
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Abstract

Organic bilayer systems and heterostructures are of enormous importance for optoelectronic
devices. We study interface properties and the structural ordering of cobalt phthalocyanine
(CoPc) on a highly ordered monolayer (ML) hexa-peri-hexabenzocoronene (HBC), grown on
Au(111), using photoemission X-ray absorption (XAS), scanning tunneling microscopy (STM) and
low-energy electron diffraction (LEED). A charge transfer between CoPc and the gold substrate is
almost completely prevented by the HBC intermediate layer. We show that HBC acts as a
template for the initial growth of CoPc molecules. After annealing to 630 K, a molecular exchange

takes place, both CoPc and HBC molecules are present at the interface.

Keywords hexa-peri-hexabenzocoronene, cobalt phthalocyanine, transition metal

phthalocyanines, bilayers, intermediate layer, valence band, m-conjugated systems, orientation,
interaction, photoemission, x-ray absorption spectroscopy, near edge x-ray absorption fine

structure, scanning tunneling microscopy, low-energy electron diffraction
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1. Introduction

The tuning of electronic interface properties between organic molecules and metallic substrates
is of enormous importance for a broad variety of applications.’” Strong interactions including
chemical reactions may alter the molecular electronic structure in particular of the frontier
orbitals, which are important for charge carrier transport and injection. Routes to avoid chemical
interactions at interfaces include, among others, the optimization of the surface preparation or
the introduction of intermediate layers.®3 Such intermediate layers can be of different nature,
a well-known representative is the 2D material graphene. However, the number of substrates for
the growth of well-defined graphene layers is limited, best growth conditions are achieved for
perfect (111) single crystal surfaces with reasonable lattice matching.!**> Although even on
Au(111) a direct growth of graphene can be reached at comparably high temperatures, the

formation of islands cannot be excluded.1¢-17

An alternative route to establish an intermediate carbon layer on Au(111) under smooth
conditions could be the preparation of a well-ordered monolayer of nanographene molecules.
The possibly best-known representative of nanographene molecules is hexa-peri-
hexabenzocoronene (HBC), a planar polycyclic aromatic hydrocarbon (PAH) with noble electronic
properties.'81° Well-ordered HBC monolayers with large domains can be easily prepared by
deposition of several layers and subsequent annealing.??® The stability of molecular
intermediate layers will essentially depend on the strength of the molecule-substrate interaction.
If the molecule-substrate interaction of molecules deposited subsequently on the intermediate

layer is significantly stronger than for molecules of the first (intermediate) layer, a molecular
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exchange can take place.?*?8 For the PTCDA/CuPc/Ag(111) such effects were already observed at
very low temperatures (1.1 K).28 In contrast, pentacene/para-sexiphenyl/Cu(111) is stable against
molecular exchange at 15 K and only after annealing to 300 K an irreversible reversed bilayer is
formed.%® Thus, molecular exchange depends crucial on the combination of the materials, which

has been investigated for several bilayer model systems.2% 26-32

In the present study we address the question if an HBC intermediate layer on Au(111) is stable
against molecular exchange with phthalocyanine molecules. Cobalt phthalocyanine (CoPc) was
chosen as a representative for the family of phthalocyanines, because of its known strong
interaction with the gold substrate (interfacial charge transfer).33 The stability was monitored up
to temperatures of 630 K, which may simulate a long-term stability. The experimental procedure

is illustrated in Figure 1.

clean Au(111) 1-2 ML HBC 1 ML HBC 1 ML CoPc thin film CoPc annealed sample
+1 ML HBC +1 ML HBC

ordered
610K layer

— HBC HBC
— Au(111) emd  Au(111) [emd  Au(111) bamdl  Au(111)

Figure 1. Experimental procedure. First, 2-3 monolayers of HBC were deposited on a well-defined
Au(111) surface and subsequently annealed to 610 K to form a homogeneous monolayer. On top,

CoPc was deposited in a stepwise manner. Finally, the sample was annealed to 630 K.
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2. Experimental Section

The Au(111) single crystal was cleaned by repeated cycles of each 30 min Ar*-ion sputtering at a
voltage of 0.8 kV and a partial pressure of 5 - 10> mbar and subsequent annealing to 770 K. The
purity and orientation of the crystal was checked by x-ray photoelectron spectroscopy (XPS),
ultraviolet photoelectron spectroscopy (UPS), scanning tunneling microscopy (STM) and low-
energy electron diffraction (LEED). HBC was synthesized as described previously.>* CoPc was
purchased from Sigma-Aldrich. The molecules were evaporated from a Knudsen cell at rates of
0.2 - 0.5 nm/min, controlled by a quartz crystal microbalance (QCM). The nominal layer thickness
was estimated from substrate and adsorbate related XPS intensity ratios using photoemission
cross sections from Yeh and Lindau;3®> the mean free path of photoelectrons was estimated
according to Seah and Dench.3® To produce a closed, highly ordered monolayer, 2-3 layers of HBC
were evaporated on the Au(111) single crystal, followed by an annealing of the sample to 610 K
for about 15 min. During all deposition steps the crystal was held at room temperature at a

pressure of < 3 - 10°® mbar.

All experiments were performed in UHV systems with a base pressure of 2 - 101 mbar. The STM
and LEED measurements were carried out in a two-chamber system equipped with a variable
temperature (VT)-STM from Omicron GmbH and a LEED optics from OClI Vacuum
Microengineering Inc. For the STM measurements, mechanically cut Pt/Ir tips were used. Tip and
sample were held at room temperature. Given tunneling voltages refer to the tip with respect to

the sample. The program WSxM was used to improve the contrast of the shown STM images.?’
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The photoelectron spectroscopy (PES) measurements of the core-levels were performed using a
multi-chamber UHV system equipped with a Phoibos 150 hemispherical energy analyzer (SPECS),
and an X-ray source (Al-Kq radiation, hv = 1486.7 eV) with monochromator (XR 50 M, SPECS). The
energy scale was calibrated reproducing the binding energies (BE) of Cu 2ps/2 and Au 4fy; at
932.56 eV and 84.00 eV, respectively. The peak fitting of core level spectra was performed using
Unifit version 2018.3% A Voigt profile (convolution of Lorentzian and Gaussian profiles) and a
Shirley model background was used. The error of absolute binding energies is estimated to be

less than + 0.05 eV.

The X-ray absorption spectroscopy (XAS) and PES measurements of the valence band have been
performed using synchrotron radiation at the LowDose PES endstation of the PM4 beamline at
BESSY Il (Helmholtz-Zentrum, Berlin, Germany).3**° The endstation is equipped with an angle-
resolved time-of-flight (ArTOF) analyzer, which was used for PES measurements by integrating
over an angle range of +15°. The improved detection efficiency by a factor of 2-3 orders of
magnitude with respect to conventional hemispherical analyzers,?® allows the study of sensitive
organic molecules with limited photon flux. For valence band spectra the energy resolution was
about 40 meV (hv = 40.8 eV), 55 meV (hv = 75 eV) and 120 meV (hv = 110 eV). The energy
resolution of XAS set to 100 meV and 250 meV at a photon energy (hv) of 400 and 780 eV,
respectively. The absorption was monitored indirectly in total electron yield (TEY) mode by

measuring the sample current.
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3. Results and Discussion

3.1. CoPc Growth on HBC/Au(111) from Monolayer to Thin Films

The structural ordering of the first monolayer may affect the structure and ordering of
subsequent layers in many cases (e.g. refs. 443), Therefore, we will first discuss the arrangement

of HBC molecules forming the intermediate (mono-)layer on Au(111).

Au(111)

2 »
2% a29%8
22592088758

a.?:a"a"o"*

HBC:a; =a,=1.45nm

24.5 eV

Figure 2. a) STM image of the intermediate HBC ML (Parameter), b) LEED pattern of the
intermediate HBC ML at 24.5 eV, c) LEED pattern of the Au(111) substrate at 50.5 eV for

comparison.

In Figure 2 STM and LEED images of the HBC monolayer (ML) are shown, prepared by deposition
of a multilayer and subsequent annealing to 610 K for 15 minutes. The formation of a highly
ordered layer is clearly visible in the STM image of Figure 2a; the HBC molecules are aligned along
the herringbone structure ((112)-direction) of the substrate. The corresponding LEED pattern at

24.5 eV shows very bright spots in the Au-(112) direction (Figure 2b). The comparison to
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reference pattern from the bare Au(111) substrate taken at 50.5 eV (Figure 2c) allows the
construction of the HBC unit cell. Since substrate related spots are visible in the (110) direction,
the HBC lattice is rotated by 30° with respect to the unreconstructed Au(111) surface, as reported
in other studies.?®?l 4 The determined lattice parameters obtained from STM and LEED
(a1=a2=1.45 nm, angle between the lattice vectors of [ = 60°) are in good agreement to the
literature.?> 4 Thus, a commensurate (5x5)-superstructure for HBC on Au(111) can be inferred

from the LEED data.

In order to prove the stability of the highly ordered HBC monolayer on Au(111), about 0.8 - 0.9
ML of CoPc were subsequently deposited on top. New structures are clearly visible in the STM
images of Figure 3. Some CoPc molecules agglomerate in islands, visible as bright areas in Figure
34, resulting in an apparently lower quality of the image. But nevertheless, three directions of
CoPc growth, which are rotated by 60° to each other can be identified, indicated by blue arrows
in Figure 3a. A zoom into one of the domains (Figure 3b) reveals more details: The rows are
formed mostly by sections of three CoPc molecules arranged side by side. These rows show the
same direction as the HBC molecules and the herringbone of the Au(111) substrate. In between
these broader rows, rows of single molecules can be identified. A line profile was generated along
the blue line in Figure 3b, depicted in Figure 3d. The apparent height difference of about 0.15 -
0.2 nm between the single and the threefold rows can be attributed to single, flat lying CoPc
molecules; it perfectly matches reported heights of CoPc on Si(100)2x1 and Si(100)2x1:H

surfaces.®
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Figure 3. STM images of 0.8 - 0.9 ML of CoPc deposited on HBC/Au(111) and directly on Au(111)
and the respective line profiles: a) About a ML of CoPc on HBC/Au(111) on the domain boundaries,
b) closer look into one domain of CoPc on HBC/Au(111), c) annealed ML of CoPc on Au(111),

d) respective line profile of CoPc on HBC/Au(111), e) respective line profile of CoPc on Au(111).

We note that similar rows were also observed for sub-monolayer coverages of CoPc on Au(111),4
and other metal-phthalocyanines on HOPG and Ag(111).#”-*® However, the CoPc rows on

HBC/Au(111) appear more uniform compared to the rows formed on other substrates. The
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threefold symmetry suggests a templating effect of the substrate and/or the well-ordered HBC
monolayer. Thus, a reason for the ordered growth might be an optimization of the CoPc-
substrate and CoPc-CoPc interaction strength, i.e. the mobility of the CoPc molecules is high
enough for the diffusion to energetically favored adsorption places (due to comparably weak
CoPc-substate interactions), whereas at the same time the templating effect by the substrate is
still present. A further origin for the ordered growth might be the exact coverage in the sub-

monolayer range, stabilizing the ordering of the molecules.*

For comparison, 1-2 monolayers of CoPc were deposited directly on Au(111) and heated
subsequently to 610 K to form a ML without defects. In contrast to CoPc on HBC/Au(111), the
STM image of Figure 3c reveals a long-range square ordering of the CoPc molecules. A square
adsorption geometry of CoPc and other TMPcs was reported on various substate surfaces
including Au(111).#>>> From Figure 3c a line profile (blue line) was generated, shown in Figure
3e. The line profile illustrates the high regularity of the formed CoPc ML and allows an accurate
determination of the lattice parameters: a;=a> =1.45 £ 0.02 nm. This value is in good agreement
with recently published lattice parameters of quadratic ordered monolayers of CoPc and other
transition metal phthalocyanines (TMPcs).% 52 5657 Three different domains aligned to the
direction of the herringbone reconstruction of the Au(111) substrate can be observed (see
below). The presence of such different domains of CoPc and CuPc on Au(111) was investigated

in detail in previous studies.*¢ 79

In order to average over larger sample areas, we show in Figure 4 LEED patterns corresponding
to Figure3. In the LEED image of the 0.8 - 0.9 ML CoPc layer on HBC/Au(111) taken at 18.5 eV

(Figure 4a), patterns of both the CoPc overlayer and the HBC/Au(111) substrate can be identified,

10
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marked by red and green arrows, respectively. The CoPc spots form a hexagonal pattern inside
the hexagonal pattern of the HBC molecules and thus the lattice parameters obtained from LEED
are larger, we obtain a1=a; = 1.78 £ 0.02 nm. The angle between the lattice vectors is the same

as for the annealed HBC monolayer (I = 60°).

0.8-0.9 ML CoPc/HBC/Au(111) Annealed ML CoPc/Au(111)
a)

HBC:a; =a,=1.45nm

Figure 4. LEED pattern of CoPc monolayers: a) about a ML CoPc on HBC/Au(111) at 18.5 eV, b)

an annealed ML CoPc on Au(111) at 20.5 eV.

The determination of the lattice parameters for CoPc deposited directly on Au(111) from LEED
(Figure 4b) is more imprecise compared to STM due to the missing substrate-related spots at this
energy. However, the LEED pattern in Figure 4b confirms the presence of three different
domains, observed already in several STM images. The pattern can be interpreted as a
superposition of three square patterns rotated by 120° (green, orange and yellow squares in

Figure 4b), as previously reported and discussed in detail for CuPc on Au(111) and MoS,.>>¢° LEED

11

183



spots corresponding to different domains do not exhibit the same intensity in Figure 4b, which

indicates that the three domains are not equally distributed in the considered area.

Remarkably, the lattice parameters of the hexagonal unit cell for CoPc/HBC/Au(111) are distinctly
larger compared to the square unit cell (CoPc/Au(111)), i.e. the CoPc molecules are more densely
packed on Au(111). The area per molecule is 4.75 nm? and 4.2 nm? for CoPc on HBC/Au(111) and
Au(111), respectively. The different geometry of the unit cell and the different packing density
illustrates nicely the templating effect of the Au(111) substrate, which can be tuned by the

introduction of intermediate layers.

To gain further information about molecular orientation of CoPc on HBC/Au(111) as a function
of film thickness, polarization dependent XA spectra at the N-K edge were taken for
CoPc/HBC/Au(111). N1s t*-excitations can be used in a similar manner as C1s rt*-excitations for
the analysis of the molecular orientation of TMPcs.** 664 For CoPc on HBC, Cls rt*-excitations
are in superposition with HBC related transitions and cannot be used for the determination of
the orientation. In Figure 5, polarization dependent N-K edge spectra for a 0.3 nm CoPc layer
(about 1 ML) and a thin film of 1.5 nm thickness are shown for the two prominent angles grazing
(6 = 10°) and normal (6 = 90°) incidence of the incoming p-polarized synchrotron light. The
measurement geometry is shown as an inset in Figure 5. We can distinguish between two
regions: Features at photon energies <402 eV arise predominantly from transitions into mt*-
orbitals, while feature at higher energies are attributed to transitions into o*-orbitals. Both XA
spectra for the 0.3 and the 1.5 nm thick layers show essentially the same dichroism: The maximal
intensity for m*-transitions is visible grazing incidence, while for normal incidence maximal

intensity is obtained from o*-transitions. This indicates a flat lying adsorption geometry in both
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cases. Remaining intensity in the mt*-region of normal incidence spectra is hardly detectable,
indicating very small tilt angles (< 10°). The result is in good agreement to CoPc multilayer films

on related substrates, such as graphene/Au/Ni(111) and CoPc/Au(111).% >

CoPc/HBC/Au(111)
" 1.5nm CoPc/HBC X

N-K

0.3 nm CoPc/HBC

Normalized TEY (arb. units)

400 410 420 430
Photon energy (eV)

Figure 5. N-K XA spectra of CoPc on a ML of HBC on Au(111) for two different CoPc thicknesses.
The red curves correspond to an angle of incidence of 90° (normal incidence) and the black curves
to 10° (grazing incidence). The measurement geometry is shown as an inset. The preferred flat

lying adsorption geometry is maintained in thicker films of 1.5 nm.
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3.2. Electronic Interface Properties of CoPc on HBC/Au(111)

For CoPc on Au strong interactions were observed, including a charge transfer to the central Co
ion (e.g. Refs.3% 8%).Charge transfer cannot always be completely prevented by an intermediate
layer, as reported for CoPc on graphene/Ni(111).33 Therefore the question arises whether the

HBC intermediate layer on Au(111) provoke an electronic decoupling of CoPc molecules from the

Au(111) substrate.

CoPc/HBC/Au(111
&) —— . b) PeBCANALD) o)
grazing incidence N-K Co-L normal incidence B1 Co-L
A 3 B2 3
\e \ /
, 1.5 nm CoPc/HBC 1.5nm
. . 1.5 nm CoPc/HBC CoPc/HBC
[2]
= C
> B1 B2
g N
8
>-
w
'_
he)
[0}
N
=
£ Lo
S 0.3 nfn CoPc/HBC o3nm
! , CoPc/HBC,
0.3 nm CoPc/HBC
396 398 400 402 404 776 778 780 782 784 776 778 780 782 784

Photon energy (eV) Photon energy (eV) Photon energy (eV)

Figure 6. Thickness dependent N-K and Co-L3 XA spectra of CoPc on a ML of HBC on Au(111): a)
N-K at grazing incidence (10°), b) Co-L3 at grazing incidence (10°), c) Co-Lz at normal incidence

(90°).

In addition to information about the molecular orientation in thin films, XAS provides also
valuable information about the electronic structure, in particular at interfaces. We will discuss

changes of XAS peak shapes qualitatively, for a detailed discussion of the origin of features, we

14

186



refer to the literature (e.g. Refs. %6%9). In Figure 6 we compare N-K edge and Co-Ls edge spectra
for two different CoPc thicknesses on HBC/Au(111). Since the 0.3 nm layer corresponds to a
coverage of about 1 ML, it represents information from the interface, whereas bulk-like spectra
are obtained for the 1.5 nm thin film. The N-K edge spectra in Figure 6a are shown for grazing
incidence of the incoming synchrotron light, exhibiting the maximal intensity of n* resonances.
Four different features denoted A-D can be distinguished, discussed in more detail in Refs. 33 7°,
Most important, there are only minuscule changes of peak shape with thickness, indicating that

the nitrogen atoms are not strongly involved interfacial interactions.

The Co-Ls XA spectra in Figures 6b and 6¢c show a complex fine structure, resulting from multiplet
effects due to the strong overlap of the core wave function with the valence wave functions.”*
As a consequence, 16 transitions are possible for the absorption process 3d” = 2p°3d8.7! The
different shape of Co-Ls XA spectra at grazing and normal incidence in Figures 6b and 6c arises
from transitions into different d-orbitals (A: transitions into orbitals with out-of-plane
components, B: transitions into orbitals with in-plane components). For both measurement
geometries, changes of the shape of Co-Ls XA spectra as a function of film thickness are minor,
indicating the absence of charge transfer to the central Co ion, as observed, e.g. for CoPc on gold-
intercalated graphene/Ni(111).8 In contrast, for CoPc deposited directly on different gold
surfaces, distinct thickness-dependent changes of both photoemission and XA spectra were

observed, revealing an interfacial charge transfer.3® 68 72773 Thus, we conclude that the HBC

intermediate layer can prevent charge transfer from gold to CoPc.

This conclusion is confirmed by the corresponding Co2ps/2, N1s and Cls XPS core level spectra,

shown in Figure 7 for two different thicknesses. Peak fit parameters for N1s and Cls spectra are
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summarized in Tables S1-S4 (supporting information). All spectra of the bulk-like 2.7 nm CoPc
thin film show the typical shape known from the literature.® 6474 The N1s signal is described by
two components with same intensity ascribed to pyrrole (N1) and bridging nitrogen (N2) atoms.
Because of their small energy separation (typically 0.3 - 0.5 eV for phthalocyanines®” 7>79), they
cannot be clearly resolved by XPS. Two main components contribute to the Cls spectrum of the
2.7 nm thin film: Carbon bonded to nitrogen (C2) and carbon bonded to other carbon and
hydrogen (C1). The main peaks are accompanied by their respective satellites, denoted Sc1, and
Scz in Figure 7c. The intensity ratio estimated from the peak areas C1+Sc1:C2+Sc; of 3:1matches

perfectly to the stoichiometric composition (3:1).

Comparing the two film thicknesses, all core-level spectra for the lower coverages (0.3 nm) in
Figure 7 are shifted to 0.05 - 0.2 eV lower binding energies, which can be explained by screening
effects of the photohole close to substrates with higher dielectric constants.®® 8984 However,
most important, the shape of Co2ps/; and N1s core-level spectra in Figure 7 almost independent
of film thickness. The small shoulder at the low binding energy side of the Co2ps/2 spectrum of
the 0.3 nm CoPc film in Figure 7a at about 778 eV, might arise from molecules at defect sites of
the HBC layer, which may also explain the small changes in the shape of the corresponding XA
spectra. Furthermore, the peak fit analysis reveals that the apparent change of the shape of the
C1s core-level spectra in Figure 7c is caused by a superposition of HBC and CoPc related features.
Thus, the analysis of the thickness-dependent core level spectra confirms the absence of strong

interactions like charge transfer at the interface to HBC/Au(111).
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Figure 7. Thickness dependent core level spectra of CoPc on a ML of HBC on Au(111) with

hv =1486.7 eV: a) Co2p, b) N1s, c) Cls.

Finally, the development of valence structures at the interface between CoPc and HBC/Au(111)
was monitored as a function of CoPc film thickness. In Figure 8, we show the region of the highest
occupied molecular orbital (HOMO) for HBC/Au(111), and two different CoPc thicknesses on
HBC/Au(111) at different excitation energies. The spectrum of the clean Au (111) substrate is
shown as a reference. The spectra were taken at an emission angle of 18.5° with respect to
normal emission, which was chosen to achieve higher intensity compared to normal emission.
No features within the first 2 eV relative to the Fermi-edge are visible in reference spectrum of
the Au(111) substrate in Figure 8. After the preparation of the HBC ML two features at 1.4 eV
and 1.8 eV appear; the structure at 1.4 eV can be assigned to the HOMO of HBC.2? After
depositing 0.3 nm of CoPc on top, the intensity of the HBC-related feature at 1.4 eV becomes
attenuated by the overlayer and a new peak at 1.0 eV appears. The binding energy of 1 eV is

typical for the HOMO of CoPc for monolayer coverages on less reactive substrates.®® & The
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HOMO of the 1.5 nm thin film shifts slightly by about 0.2 eV to 1.2 eV and thus, about the same
amount as the core-levels, explained by screening effects of the photohole (see above).
Interestingly, the HOMO of the bulk-like 1.5 nm film in Figure 8 is clearly split into two features
with maxima at 1.1 and 1.3 eV, which is not always observed in the literature. Since the mean
free path of electrons at a kinetic energy of 40 eV is estimated to about 0.5 nm,3® a strong
attenuation of the HBC related features by the 1.5 nm CoPc overlayer is expected. In most
experimental and theoretical studies the nature of the CoPc HOMO is attributed to the ligand
states, built from C2p orbitals.t® 74 8>-8 Generally, a splitting of the HOMO can be understood by
different reasons, among others by electron-phonon coupling’* ?%°! or a contribution of mixed
domains.?? Moreover, a dispersion of the HOMO feature might be observed as a consequence of
molecule-molecule interaction.>> However, also the molecular electronic structure might be the
origin of the splitting of the HOMO level. It was reported that the feature at 1.1 eV mostly has
contribution from rm-orbitals, while the feature at 1.3 eV originates from oc-orbitals.’” The
contribution of Co-related d-levels was discussed, the lowest lying state in CoPc might be
attributed to a 3d orbital, which by symmetry cannot mix with ligand rt states.®° In all cases, the
splitting and intensity crucially depends on the chosen excitation energy and measurement
geometry. Thus, we ascribe the fact that a split feature is not always observed in the literature

to differently chosen experimental parameters and the angular resolution of the spectrometer.
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Figure 8. HOMO-region of each deposition step and the clean Au(111) substrate at 40.8 eV and

an emission angle of 18.5° with respect to normal emission,
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3.3. Temperature-induced molecular exchange

So far, we have demonstrated that the HBC intermediate layer can prevent interactions between
CoPc and gold. In order to study whether this layer structure is (thermodynamically) stable, we

annealed CoPc/HBC/Au(111) samples to 630 K and performed PES, XAS and STM measurements.

a) CoPc/HBC/Au(111): Annealed b) CoPc/HBC/Au(111): Annealed
HOMO ‘ Emission angle: 18.5° HOMO |

062V 40 ev

Emission
angle:
30°

hv=75eV

Intensity (arb. units)

hv =40.8 eV

Binding energy (eV) Binding energy (eV)
Figure 9. Valence band spectra with zoom into the HOMO-region after annealing: a) Variation of
the angle with respect to normal emission, b) Variation of the excitation energy (angle 18.5° with

respect to normal emission).

First, we will discuss photoemission valence band spectra (Figure 9) of an annealed
CoPc(1.5 nm)/HBC/Au(111) sample. In contrast to the sample before annealing (cf. Figure 8),
two new well-defined and intense states at 0.62 and 0.40 eV appear in the HOMO-region, while

the former features at 1.3 and 1.1 eV are almost vanished. Generally, the intensity of valence
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band features depends crucially on both the emission angle and the excitation energy (see, e.g.
Refs. 74 93-98) Unfortunately, for both HBC-derivatives and phthaloyanines, the maximal intensity
of the lowest lying valence band features is expected around 1.5-1.7 AL,74 959 and thus it is

difficult to distinguish between both molecules.

The intensity of features at binding energies of 0.40 and 0.62 eV in Figures 9a increases with
higher polar angle; they are most intense at 30°, which corresponds to ki~ 1.5 AL, Since such a
behavior is expected for valence band features of CoPc and HBC, we conclude that the interface
states can be assigned to molecular orbitals, most likely to the HOMO of CoPc and/or HBC. The
fact that they are observed at distinctly lower binding energy compared to the HOMO before
annealing (cf. Figure 8) may point to a strong coupling to the substrate. Further information
about the nature of these states might be obtained from energy dependent valence band
spectra, because the (relative) intensity varies for different orbitals. In particular, the relative
intensity of Co related 3d states will increase at the highest excitation energy (110 eV), compared
to lower energies due to the higher relative cross section (the ratio of Co 3d/C 2p is 4.6 and 38.0
at hv =40.8 eV and 110.0, respectively).?® Indeed, a higher spectral weight at the position of the
lower energy feature at 0.4 eV might be visible in Figure 9b for hv =110 eV, even if the decreased
energy resolution (40 meV @40.8 eV and 120 meV @110 eV) does not allow the separation of
both features at higher excitation energies. Valence band features at lowest binding energy with
(partial) Co character were observed for CoPc in thin films and at interfaces,® ®° and thus these

features might be partially assigned to CoPc.
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Figure 10. Angle-dependent N-K XA spectra of CoPc/HBC/Au(111) after annealing to 630 K.

As already mentioned, distinct changes of the XAS peak shape are expected for CoPc molecules
in direct contact to gold surfaces. In Figure 10, we show angle-dependent N-K edge XA spectra of
the CoPc/HBC/Au(111) sample after annealing. The angular dependence indicates that CoPc
molecules remain flat lying after annealing. Very low intensity in the m*-region at grazing
incidence points to an almost perfect orientation parallel to the substrate surface. However, the
N-K peak shape is very similar to the sample before annealing (cf. Figure 5), indicating that
nitrogen atoms of CoPc are not involved in an interaction at the interface to Au(111), which might

be expected even for CoPc molecules in direct contact to Au.®®
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Figure 11. Angle-dependent Co-L3 XA spectra of CoPc(1.5 nm)/HBC/Au(111) after annealing to
630 K (green curves) compared to CoPc(0.3 nm)/HBC/Au(111) before annealing (brown curves)

taken at grazing (10°) and normal incidence (90°) of the incoming p-polarized synchrotron light.

In contrast, the shape of Co-Ls XA spectra is clearly different comparing a 0.3 nm CoPc layer on
HBC/Au(111) without annealing and CoPc(1.5 nm)/HBC/Au(111) after annealing to 630 K (Figure
11). Most visible, the prominent feature B2 disappears after annealing in the spectra taken at
grazing and normal incidence. Also, the shape of feature A changes slightly and additional
intensity is observed at higher photon energies (red arrow in Figure 11a). The changes of the

peak shape indicate a charge transfer from the substrate to the Co ion of CoPc, accompanied by
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a redistribution of the d-electrons. Such a behavior is typical for CoPc in direct contact to Au.%® 72
Thus, we conclude from Co-L3 XA spectra that the interaction between CoPc and Au is no longer
prevented by an HBC intermediate layer, the CoPc molecules are most likely diffused to the

Au(111) interface upon annealing.
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Figure 12. STM images of CoPc/HBC/Au(111), annealed to 630 K. a) 25 - 25 nm? image (U=1.5V,
I = 950 pA). The inset shows a close-up measured with the same parameters, used for the line
profile shown in b). ¢) 45 - 35 nm? image (U = 1.0 V and | = 800 pA). CoPc molecules are visible as

bright spots.

The question may arise, whether CoPc molecules replace the HBC molecules after annealing
completely. Therefore, we performed STM measurements of the annealed CoPc/HBC/Au(111)
sample. Two different molecular structures can be identified in the STM images of Figure 12. The

four-leaved pattern, typical for phthalocyanines, is best visible for some molecules in Figure 12a,
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for other molecules a hexagonal structure typical for HBC might be supposed. The CoPc
molecules appear somewhat brighter than the HBC molecules in Figure 12a (bias voltage of + 1.5
V). This effect is more pronounced in Figure 12c, at a bias voltage of + 1.0 V. This effect is caused
by the increased brightness of the central Co-atom due to enhanced tunneling via the half-filled
d2 orbitals at this tunneling voltage.'® Due to the local density of molecular states of the d-
orbitals, the central metal atoms of TMPcs appear at increased apparent heights compared to
the macrocycle.’%191 Therefore, depending on the tunneling voltage, we can distinguish
between CoPc and HBC molecules from their apparent height. A line profile is generated from
the close-up of Figure 12a (inset), illustrated in Figure 12b. The line profile reveals a height
difference between the CoPc and HBC molecules of about 30 pm. From the slight differences in
the apparent height we conclude, that the CoPc and HBC molecules are present in the same layer,

i.e. they form a mixed monolayer on Au(111).

Often bimolecular layers form ordered structures due to molecule — molecule interaction by H-
bonds, dipole-dipole interaction or metal coordination.9>% |n Figure 12, it seems that
molecules of the same type (CoPc or HBC) tend to form domains, but also a large number of
single molecules and irregular spaces between the molecules (dark areas) are visible.
Consequently, we could not identify a preferred orientation as discussed for CoPc and HBC
monolayers (cf. Figure 2-4). This is confirmed by the absence of a LEED pattern, shown in

Figure S1.

Thus, our results verify that a molecular exchange takes place after annealing of
CoPc(1.5 nm)/HBC/Au(111). However, not all of the CoPc molecules are able to replace HBC

molecules at the interface to Au(111). Obviously, the interactions between CoPc molecules are
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weak enough to enable the desorption of CoPc at the chosen temperature of 630 K. Thus, it
seems that the detailed composition of the remaining, mixed HBC-CoPc monolayer strongly
depends on both the desorption kinetics of CoPc and the kinetics of the diffusion/exchange.
Therefore, we suggest that especially the variation of the temperature regime enables the tuning

of the arrangement of molecules and their composition in the mixed layer.

Summary

We studied interface properties and the structural ordering of cobalt phthalocyanine (CoPc) on
a highly ordered monolayer (ML) hexa-peri-hexabenzocoronene (HBC), grown on Au(111). LEED
and STM measurements reveal that well-ordered CoPc layers are formed on HBC/Au(111). The
HBC layer acts as a template for the initial growth of CoPc molecules. An hexagonal arrangement
is observed for CoPc on HBC/Au(111); the angle between the lattice vectors is the same as for
the annealed HBC monolayer (I = 60°). A charge transfer between CoPc and the gold substrate is
almost completely prevented by the HBC intermediate layer. After annealing to 630 K, a
molecular exchange takes place and a mixed monolayer of CoPc and HBC is formed on the
Au(111) substrate. We conclude that the interaction strength between CoPc and Au(111) is not

significantly stronger compared to HBC/Au(111).
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