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Zusammenfassung

Wechselwirkungen zwischen Molekiil und Substrat

Die Fluoreszenzeigenschaften eines elektronisch angeregten Molekiils &ndern sich nahe der
Oberfliche eines Festkorpers dramatisch. Die Anderung héngt von dem Abstand d zum
Substrat, sowie von dessen physikalischen Eigenschaften ab.

Hauptaspekt der vorliegenden Arbeit ist die Messung und quantitative Beschreibung
der Wechselwirkung zwischen elektronisch angeregten organischen Molekiilen und anor-
ganischen Halbleitersubstraten in Abhéngigkeit des Molekiil-Festkorper-Abstandes.

Die hierzu verwendete experimentelle Technik ist die zeitaufgeloste Fluoreszenzspektro-
skopie. Die Proben wurden im Ultrahochvakuum (UHV) bei tiefen Temperaturen in-situ
prapariert und untersucht.

Konkurrenz zw. Schicht-internem und Schicht-Substrat Anregungstransfer

Abhéngig von Molekiilsorte, Wachstumsparametern und experimentellen Bedingungen
wechselwirken die Molekiile innerhalb der Schicht stédrker oder schwicher miteinander.
Unabhédngig von der Nidhe eines Substrats induziert eine solche Wechselwirkung nach
optischer Anregung eines Molekiils der Schicht einen Anregungstransfer zwischen den
Molekiilen, was zur Bindung der Anregungsenergie an Excimerplitzen fithrt, und damit
die Lumineszenzausbeute schwécht. Im Falle einer Molekiilschicht auf einem Subtrat
kommt nun ein weiterer Mechanismus hinzu: Der Transfer von Anregungsenergie von
der Molekiilschicht auf den darunterliegenden Festkorper. Die zwei Anregungtransferpfa-
de, schicht-intern und Molekiil-Substrat, konkurrieren miteinander, und sind fiir lateral
ausgedehnte Filme ununterscheidbar. Thre Trennung ist eine Voraussetzung fiir jede ex-

perimentelle Untersuchung.

Die Untersuchung abstandsabhéngiger Molekiil-Substrat-Wechselwirkungen kann auf
zwei Arten erfolgen, abhéngig von der Methode, mit der der Abstand d definiert und fixiert
wird. Einerseits konnen verschiedene d durch Einbau einer inerten Abstandshalter-Schicht
definierter Dicke zwischen den isolierten Molekiilen und dem Substrat realisiert werden.
Eine zweite Moglichkeit ist das direkte Aufbringen verschieden dicker Molekiilschichten
auf das Substrat. In diesem Fall muss man versuchen, die schicht-internen Wechsel-
wirkungen und die, die zwischen den einzelnen Schichten auftreten, numerisch von den
Substrat-induzierten Effekten zu trennen. Fiir diese Arbeit wurde der Weg der inerten
Abstandshalter-Schichten gewihlt.

Theoret. Modelle zur Beschreibung der Molekiil-Substrat-Wechselwirkung
Im urspriinglichen Modell von Kuhn [10] wird das elektronisch angeregte Molekiil als
gedampfter klassischer Oszillator betrachtet: die Dampfung des Dipols riihrt von der
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Interferenz seines Strahlungsfeldes mit seiner eigenen vom Substrat reflektierten (retar-
dierten) Partialwelle her. Ausgehend von dieser Interpretation wird nur das Fernfeld
des Dipols beriicksichtigt. Als Ergebnis wird ein oszillierendes Verhalten der vom Dipol
emittierten Intensitdt und Lebensdauer als Funktion des Molekiil-Substrat-Abstandes d
vorhergesagt.

In den frithen Siebzigern entwickelten Chance, Prock und Silbey ("CPS’ [11]) ein neues
klassisches Modell (eine Erweiterung des Kuhn-Modells), in dem explizit das Nahfeld
des Molekiils beriicksichtigt und seine Auswirkungen auf dessen Anregungslebensdauer
diskutiert werden. Dieses vollkommen ph&nomenologische Modell, welches nur von der
dielektrischen Konstante des Substrats abhéngt, sagt ausser dem von Interferenzeffekten
verursachten oszillatorischen Verhalten eine dramatische Reduzierung der beobachteten
Lebensdauer als Folge eines strahlungslosen Energietransfers vom Molekiil zum Substrat
bei Abstinden von d <500 A voraus.

Die Tatsache, dass ein rein klassisches Modell eine Lebendsdauerverkiirzung bei Néihe
zum Substrat fordert, impliziert, dass der Loschmechanismus vollsténdig von der dielek-
trischen Funktion des Festkorpers beschrieben wird. Dennoch war die Natur des Mecha-
nismus, der die Lebendauerverkiirzung im Nahfeld verursacht unklar, bis die Analogie zu
dem Problem der Radiowellenfortpflanzung in Nihe der Erdoberfléche erkannt wurde [12]:
Der Energietransfer von Emitter zu Substrat iiber kurze Distanzen ist abhéngig von der
Moglichkeit, iiber die kurzwelligen Komponenten des molekularen Nahfelds Oberflachen-

Ladungsdichtewellen (Oberflichenplasmonen) zu erzeugen.

Speziell fiir direkte und indirekte Halbleitersubstrate und Abstéinde (d < 100 A) wurde
im Rahmen der Stérungstheorie von Stavola, Dexter und Knox (’SDK’ [13]) ein weite-
res semiklassisches Modell entwickelt. Nach diesem Modell wird eine stark abstands-
abhéngige Lebensdauerverkiirzung im Bereich des Nahfeldes erwartet. Dieser Energie-
transfer auf das Substrat wird durch strahlungslose Dipol-Dipol-Wechselwirkung zwischen
dem angeregten Molekiil und einem durch seine kurzwelligen Nahfeldkomponenten indu-
zierten Elektron-Loch-Paar im Halbleiter erklért.

Das SDK-Modell sagt voraus, dass fiir einen direkten Halbleiter abhéngig von seiner
elektronischer Bandstruktur und der molekularen Emissionsenergie eine strahlungslose
Transfer-Rate proportional zu d — beobachtet werden sollte, fiir einen indirekten Halb-
leiter wird eine Rate proportional zu ~d~* erwartet. Bei noch kleineren Abstinden
(d <20 A) reduziert die Energieerhaltung die Effizienz von Elektron-Loch-Paarbildung

und damit die des Anregungstransfers von Molekiil zu Substrat.

Fluoreszenz nahe an Halbleiteroberflichen
Neben der grossen Zahl von Untersuchungen an Metallsubstraten wurde den photo-

physikalischen Eigenschaften angeregter Molekiile auf Halbleitersubstraten nur wenig
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Aufmerksamkeit zuteil. Wéhrend bei Metallen der Anregungstransfer vom Molekiil
zum Festkorper von Wechselwirkungen mit den ungebundenen Elektronen des Substrats
abhéngt, wird er bei Isolatoren und Halbleitern hauptséchlich von den gebundenen Elek-

tronen beeinflusst.

Da das klassische theoretische Modell (CPS) keine mikroskopische Beschreibung des
Festkorpersubstrats beinhaltet, sollte es auch fiir Halbleiter erfolgreich angewendet wer-
den konnen. Obwohl bereits iiber experimentelle Untersuchungen berichtet wurde, ist
noch offen, ob sich die Transferrate proportional zu d ~® im Quenchregime verhilt. Die
vorliegende Arbeit hat eine Antwort auf diese Frage zum Ziel.

Dariiberhinaus wurden alle verdffentlichten experimentellen Arbeiten zu den
Wechselwirkungsprozessen zwischen organischen/anorganischen Molekiilen und organi-
schen/anorganischen Substraten ausschliesslich an direkt oder indirekt auf dem Substrat
deponierten Molekiilschichten durchgefiihrt, nie an einem einzelnen isolierten Molekiil,
wovon die theoretischen Modelle jedoch ausgehen. Als Konsequenz wurden nicht die
Auswirkungen der Wechselwirkung eines Molekiils mit dem Substrat, sondern derer zwi-
schen einem Satz gemeinsam wechselwirkender Molekiile (in kristallinen, polykristallinen
und amorphen Schichten) und dem Substrat gemessen. Dieser Aspekt wurde bisher fast
vollig vernachléssigt, bis frithere Forschungsprojekte unserer Gruppe (M. Daffertshofer
[34], U. Gomez [43]) zeigen konnten, dass der schichtinterne Transport von dem Anre-
gungstransfer zum Substrat separiert werden kann.

Das Ziel der vorliegenden Arbeit

Ausgehend von friitheren experimentellen Arbeiten ist das Ziel der vorliegenden die Unter-
suchung der Wechselwirkungsmechanismen zwischen Molekiil und Substrat geméss dem
Ansatz des ‘isolierten Molekiils’ (z. B. durch Aufdampfen ultradiinner Schichten), mit
einem Schwerpunkt auf Halbleitersubstraten.

Diese Studie wurde mit N,N’-Dimethylperylen-3,4:9,10-bis(dicarboximide) (MePTCDI,
ein Perylenderivat) als Molekiil und MoS, (Molybdéandisulfid), sowie Si(111):H (wasser-
stoffterminiertes Silizium) als Substrate durchgefiihrt, Schichtdicken betrugen deutlich
weniger als eine Monolage (ML), zur Préparation wurden verbesserte Techniken verwen-
det.

MePTCDI ist grosser als andere frither verwendete Molekiile, (z. B. Anthracen) und
hat eine geringere laterale Mobilitét, bei fliissig Helium temperatur erweist es sich als fast
unbeweglich. Daher ist es besonders geeignet zur Deposition im UHV und wohldefinierte

molekulare Schichten kénnen gewachsen werden.

Als Substratmaterialien wurden Si(111):H und MoS, wegen ihrer wohlbekannten Ei-
genschaften, den bewédhrten Préparationstechniken und den verschiedenen Bandstruktu-

ren gewahlt. Beide sind indirekte Halbleiter, aber in einem Fall (MoS,) ist die Energie des
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angeregten MePTCDI grosser als die direkte Bandliicke des Materials, in dem anderen
Fall (Si(111):H) kleiner. Dieser Unterschied sollte einen dramatischen Einfluss auf die

Energietransferrate vom Molekiil auf das Substrat haben.

Die Substratpraparation wurde ebenfalls weiter verbessert: Insbesondere die Anwen-
dung eines nasschemischen Passivierungsprozesses (ein modifizierter RCA-Prozess) im
Falle des Silizium Si(111) fithrte zu einem vollstdndigen Entfernen der natiirlichen Oxid-
schicht von der Siliziumoberfldche und einer Wasserstoffterminierung aller ungeséttigten
Bindungen; dies erlaubt durch die Herstellung einer chemisch inerten Oberfliache die wohl-

definierte Einstellung des Abstandes zwischen dem Molekiil und dem Silizium.

Experimentelle Ergebnisse

Bei schrittweisem Andern des Bedeckungsgrades (von 1ML bis hinunter zu 0.01 ML)
konnte ein kontinuierlicher Riickgang der intermolekularen Wechselwirkung innerhalb der
Schicht bis hin zu einer volligen Unterdriickung des schichtinternen Anregungstransports
experimentell beobachtet werden. Bei 0,01ML Bedeckung auf einem nicht wechselwir-
kenden Substrat (z.B. Quarz) hat die Fluoreszenz monomeren Charakter mit einfachem
exponentiellem Zerfall und nahezu intrinsischer Fluoreszenzlebensdauer (was auf fehlende
Wechselwirkung mit anderen Molekiilen oder dem Substrat hinweist). Ganz im Gegen-
satz dazu ist bei aktiven Substraten neben einem monomeren Fluoreszenzspektrum eine
verkiirzte Fluoreszenzlebensdauer zu beobachten, da nun Anregungstransfer zum Sub-
strat stattfindet. Die Verkiirzung der Lebensdauer kann quantitativ mit der Art des als

Substrat verwendeten Festkorpers in Bezug gebracht werden.

Ausserdem ist durch Aufbringen einer solchen ultradiinnen Schicht in einer Entfernung
d vom Substrat (mit Abstandshalter-Schicht) moglich, die Abstandsabhéngigkeit der Mo-
lekiil-Substrat-Wechselwirkung im Bereich zwischen 0 und 500 A direkt zu untersuchen,

und zwar in Abwesenheit aller anderen normalerweise konkurrierenden Prozesse.

Die Hauptergebnisse lassen sich wie folgt zusammenfassen:

Elektronisch angeregte MePT'CDI Molekiile im Nanometerabstand zu einer Halbleitero-
berflache (sowohl MoSs, als auch Si(111):H) weisen schnellere Fluorezenzzerfélle auf, als
in verdiinnter Losung (die Referenz fiir intrinsische molekulare Fluoreszenzlebensdauer).
Die Abstandsabhéngigkeit der MePTCDI Fluoreszenzlebensdauer bei Absténden von
0—500 A (MoS,) bzw. 0—130 A (Si(111):H) zeigt bei den beiden Halbleitern quantita-
tiv unterschiedliche Verkiirzungseffekte: Auf MoSs verringert sich die Lebensdauer um
zwei Grossenordnungen (von 3.95ns auf 25 ps), auf Si(111):H um eine (auf 145 ps).

Das CPS-Modell wurde unter Beriicksichtigung der dielektrischen Funktionen der Ma-
terialien zur quantitativen Beschreibung der beobachteten Anderungen der Fluoreszenz-
lebensdauern bei Abstandsvariationen zwischen Molekiil und Substrat verwendet. Im
Falle des MoS; bestétigen die experimentellen Daten das CPS-Modell iiber den gesamten
d—Bereich quantitativ.
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Bei Verwendung von Si(111):H als Substrat kann die experimentelle Abhéngigkeit je-
doch nicht durch das CPS-Modell erkléart werden: Bei minimalem Abstand besteht eine
Diskrepanz von mehr als einer Gréssenordnung zwischen Modell und Experiment. Das
semi-klassische, speziell fiir Halbleiter entwickelte Modell (SDK) fiihrt einen neuen Ener-
gietransfermechanismus ein, um die beobachtete Verkiirzung der molekularen Lebensdau-
er zu erklaren. Es liefert eine qualitative Beschreibung der Abstandsabhéngigkeit der
Fluoreszenzlebendsdauer unter Beriicksichtigung der Halbleiterbandstruktur.

Die Ergebnisse wurden im Rahmen des SDK Modells wie folgt interpretiert:

— MoS, ist ein typischer Fall, in dem die molekulare Emissionsenergie grosser ist als die
Bandliicke des Halbleiters. Das Nahfeld des Molekiils kann ein Elektron des Valenzban-
des strahlungslos in das Leitungsband des Halbleiters heben. Auf diese Weise transferiert
das Molekiil seine Energie durch einen Dipol-Dipol-Mechanismus (Elektron-Loch-Paar im
Halbleiter) zum Festkorper. Dieser Prozess funktioniert effektiv bei Absténden, die klei-
ner als 300 A sind. Die Transferrate sollte sich wie im CPS Modell proportional zu d ~3
verhalten. Zusitzlich sollte bei sehr kleinen Absténden (d <50 A) eine Abweichung von
diesem Verhalten auftreten. Dies konnte wegen der begrenzten Zeitauflosung jedoch nicht
beobachtet werden.

—FEin Fall, in dem die Bandliicke die Emissionsenergie des Molekiils iibersteigt, ist
Si(111):H. Hier kann das Nahfeld nicht-vertikale Ubergéinge durch eine spezielle Ver-
teilung seiner Wellenvektoren anregen, also ohne Beteiligung von Phononen, und auf
diese Weise ebenfalls Elektron-Loch-Paare erzeugen. Dieser Mechanismus sollte eine
d~*-Abhingigkeit der Transferrate zeigen. Bei extrem kleinen Abstinden zum Substrat
(d<25 A), abhingig von der Uberschussenergie des Molekiils, sollte eine Abweichung von
diesem Verhalten auftreten. Unter Verwendung dieses zweiten Modells konnen die expe-

rimentellen Daten qualitativ erklédrt werden.



1 Introduction

State of knowledge and goal of the present research

The overall performance of optical devices (as the OLEDs ) based on organic active lay-
ers strictly depends on the efficiency of the radiative recombination of the exciton. Upon
charges injection and molecular exciton formation, the most significant channels of radi-
ationless exciton decay competing with the light emission include: intersystem crossing
to triplet state [5,6], exciton dissociation induced by the field applied to the device [7,8]
and non radiative transfer of the excitation [9]. In particular, exciton quenching at the
surface of the metallic cathode or at the interface with other semiconductors drastically
reduces the emission of light.

The study and the comprehension of mechanisms of non radiative interaction between
electronically excited organic molecules and metallic or semiconductor substrates has
therefore a significant applicative interest besides a considerable scientific importance.

1.1 The molecule-substrate interaction

The fluorescence properties of an electronically excited molecule change drastically when
it is brought in proximity of the surface of a solid, as a function of the molecule-substrate
distance d and of the specific physical characteristics of the solid.

The main subject of the present research is the measurement and the quantitative de-
scription of the interaction between electronically excited organic molecules and inorganic
semiconductor substrates, as a function of molecule-solid separation.

The used experimental technique is the time-resolved fluorescence spectroscopy applied
to the study of samples prepared and analyzed at low temperature, in—situ, under Ultra
High Vacuum (UHV') conditions.

In the following sections, the state of the theoretical and experimental knowledge on
the subject, updated to the time of the present research, is briefly summarized (a detailed
description of the theoretical models is given in § 6 and § 8.6.3); the importance of an
appropriate experimental approach and the earlier results obtained by our group are
successively pointed out and the goal of present experimental work connected to those.

1.1.1 Theoretical models to describe the molecule-substrate interaction

A number of theoretical models have been developed to describe the interaction between
an electronically excited molecule and a solid and to analyze the dependence of its emission
properties as a function of the separation d from the substrate.

2 Organic Light Emitting Diodes [1-4]



2 1 INTRODUCTION

In the original model of Kuhn [10] the electronically excited molecules are considered
as damped classic oscillators: the damping of the dipole originates from the interference
between its radiating field and the reflected (retarded) field from the surface. On the
basis of this interpretation, only the far-field (radiative component) of the dipole is taken
into account. As a result of such interference phenomena, an oscillating behaviour of the
dipole emission intensity and lifetime as a function of the molecule-substrate separation
d is predicted.

In the earlier '70s Chance, Prock and Silbey (‘CPS’ [11] and references therein) de-
veloped a new classical model (extension of the Kuhn’s model) in which the near-field
components of the dipole field are explicitly considered and their effect on the lifetime
of the excited molecule studied. The model, entirely phenomenologic and based only on
the value of the substrate dielectric constant predicts, beside the oscillatory behaviour
caused by interference effects, a drastic reduction of the observed lifetime as a result of
non-radiative energy transfer from the molecule to the substrate in the short molecule-
substrate distance range (d <500 A). For the molecular fluorescence lifetime a distance
dependence ~ d? is predicted.

The fact that a classical model predicts also a drastic lifetime shortening in short dis-
tance domain implies that the quenching mechanism is entirely described by the dielectric
function of the solid. Nevertheless, the nature of the mechanism that causes the shorten-
ing in molecular lifetime within the near-field range was unclear until the analogy between
this experiment and the problem of radio-wave propagation near the surface of the earth
became apparent [12].

On metallic substrates, the mechanism of energy transfer from the emitter to the
substrate within the short distance regime turns out to be related to the possibility to
excite resonantly surface charge density oscillations (Surface Plasmons, SP) by the high-

wave-vector components of the molecular near field.

A further semiclassical model has been developed explicitly for direct and indirect
semiconductor substrates and short distances (d <100A) in the frame of the perturba-
tion theory by Stavola, Dexter and Knox (‘SDK’ [13]). According to this model, a strong
distance-dependent molecular lifetime shortening is predicted in the near-field range. Such
energy transfer to the substrate is explained in terms of non-radiative dipole-dipole in-
teraction between the excited molecular dipole and an induced electron-hole pair in the
semiconductor, via the high-wave-vector components of the molecular near field.

The SDK model predicts that, according to the specific electronic band structure of
solid and to the molecular emission energy, a non-radiative energy transfer rate pro-
portional to d 3 should be observed on direct semiconductor, whereas a rate ~d* is
expected on an indirect one. At short molecule-substrate distances (d < 20 A) energy con-
servation reduces the efficiency of the e-h pair generation and therefore of the excitation



1.1 The molecule-substrate interaction 3

transfer from molecule to the substrate; a deviation from both d 2 and d ~* dependences
is consequently expected (see § 8.7).

Beside these two models, other theoretical works have been focussed on the subject
especially for the short molecule-substrate separation range. In particular, Persson and
Lang [14, 15] following a quantum mechanical approach discussed (for metals) the con-
tribution to the excitation transfer rate from electron-hole pairs generation; an energy
transfer rate ~d~* from surface states or ~d =2 from volume contribution is predicted.
Rempe [16] proposed a further quantum mechanical model to describe the molecule-
substrate interaction for large separation d: the vacuum fluctuation of the electromag-
netic radiation field is modified by the presence of the substrate; as a consequence, the
Einstein coefficients for the spontaneous emission at the position of the excited molecule
(i.e. the fluorescence lifetime) are also modulated as a function of the molecule-substrate
separation.

1.1.2 Competition between intra-layer and molecule-substrate excitation
transfer

The experimental work concerning the interaction processes between (organic/inorganic)
molecules and (organic/inorganic) substrates reported by all the other groups has been
carried out exclusively on films of molecules deposited (directly or indirectly) on the
substrate: never on ‘single isolated molecule’, as generally assumed in the theoretical
models. As a consequence, what has been measured is not the effect of interaction between
one molecule and the substrate, but between a set of mutually-interacting molecules (in
crystal, in polycristalline film or in amorphous film) and the substrate.

Depending on the type of the molecule, on the film growth and on the experimental
conditions, the molecules are more or less preferentially interacting within the molecular
layer. Such interaction induces (independently from the presence of the substrate in the
proximity) a transfer of the excitation inside the film, generally followed by excitation

trapping in traps or excimer sites and subsequent reduction of luminescence efficiency.

In addition, when the film is deposited on (or near) an ‘interacting’ substrate, a further
competing mechanism takes place: the excitation transfer from the molecular film to the
solid underneath.

The two excitation transfer pathways, intra-layer (i.e. from molecule to molecule) and
molecule-substrate, act competingly and their effects are undistinguishable for laterally
extended films; their separation is a prerequisite for any experimental study.

1.1.3 The two experimental approaches

The previous experimental works aimed to study the distance dependent molecule-
substrate interaction can be divided into two groups according to the method to define
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and fix the separation d. Following the first method, different separations d are obtained
by inserting an inert ‘spacer’ layer of defined thickness between the thin molecular film
and the substrate; in the second approach, the variation of the distance is obtained by
depositing molecular films of various thickness directly on the substrate.

1.) Molecule-substrate distance variation by means of a spacer layer

Already in the pioneering experimental work of Drexhage [17-19] the spacer layer tech-
nique was used to vary the distance between a monolayer of molecular Eu* complexes and
metallic substrates (Ag, Au, Cu). As spacer, a fatty-acid layers (each layer 26.4 A thick)
of different thicknesses (d =60—700 A) were deposited on the substrate by LBP-technique.
Such samples were studied by time-resolved fluorescence spectroscopy: fluorescence inten-
sity and lifetime versus spacer thickness were measured. Both quantities were found to
change in an oscillating functional dependence on the distance d. In the large distance
range (d>1500A), the oscillations could be described with very good approximation by
Kuhn’s model, whereas the observed deviations from the predicted curves stimulated
further researches that led to the development of the CPS model.

Relevant experimental work on energy transfer from organic molecules to inorganic sub-
strates was carried out in the Harris’ group since the ’80s. As substrates were used both
metals (Au, Ag, Ni) [20-22] and semiconductors [23,24] (see further § 1.1.4), prepared and
measured under UHV conditions. As spacer layer Ar, NH3 or Xe were condensed at 20 K,
with thicknesses in the range of 10—420 A. As emitting layer, on metals, a monolayer of
pyrazine was used and the intensity and lifetime of its phosphorescence measured, in—situ,
at helium temperature; on semiconductors the fluorescence of a sub-monolayer pyrene film
was measured for just a number of distances. While on the metals the pyrazine phospho-
rescence lifetime dependence vs. distance could be adequately described in the frame of
the CPS model, on the semiconductors the fluorescence lifetime distance dependence of
pyrene could be only qualitatively compared with the classical model expectations ow-
ing to a strong non-monoexponentially of fluorescence transients that did not permit a
reasonable estimate of lifetime.

Strong deviations from monoexponentiality are very often observed in fluorescence life-
time measured in organic films [24-34]. Differently, phosphorescence exhibits less devia-
tion from monoexponential decay. This aspect is explained in terms of reduced interaction
between the molecule within the organic layer: because of the lack of Coulomb interaction,
the interactivity among the molecules in triplet states is lower than that among molecules
in singlet states. On the base of this difference, the excitation transport inside the singlet
manifold is more effective than that in triplet one; the excitation trapping probability
(consequence of the intra-layer transfer) is also higher. As a result, an increase of non-

b Langmuir-Blodgett
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radiative component of deexcitation rate and often a non-monoexponential fluorescence

decay are observed.

The presence of this second deexcitation pathway, whose energy transfer rate is difficult
to separate, makes the quantitative application of models developed for isolated emitters
to thick molecular films complicate.

2.) Molecule-substrate distance variation by change of the film thickness

The second experimental way to study the distance dependence of the optical properties
of molecules on a substrate, is depositing a homogeneous molecular film and to increase
successively its thickness. Following this approach, the experimental difficulties are greatly
reduced (one layer to deposit instead of spacer and molecular film) but the distance
between molecule and substrate is no more well define. Actually, it is no longer possible
to specify the ‘distance’, but only an averaged distance: in fact, molecules lying within the
film in different layer parallel to the substrate experience different distances from the solid
surface and consequently a different level of interaction with the substrate. Nevertheless,
this approach has been followed, because of its experimental convenience, by a number of

researchers.

According to this approach, the precedently described models have to be modified
to take into account a distribution of distances from the substrate (integration along a
perpendicular direction within the film is necessary); further, the existence of uncontrolled
excitation transfer inside the film has to be considered.

Suto et al. [35-38] extended the CPS model and by integration over the total film
thickness they calculated the distance dependence of the fluorescence lifetime. The sample
was tetraphenylporphyrin (HoTPP) deposited in high vacuum on gold and on SnO,. Also
in this case, the fluorescence decays were far of to be monoexponential, so that it was
not possible to determine exactly the distance dependent fluorescence lifetime of HyTPP
molecules in the film. The reason for this lack of monoexponentiality lies once more in
the intra-layer excitation transfer (whose rate is not directly accessible).

1.1.4 Fluorescence near semiconducting surfaces

In contrast to the large number of studies of electronically excited molecules above metals,
only little effort has been devoted to the photophysical properties of molecules above

semiconductor surfaces.

In case of metallic substrates, the excitation transfer from the molecule to the solid is
accounted for by the interaction between the molecule and the unbound electrons of the
metal, which dominate the dielectric response of the solid. On the contrary, in the case
of insulating materials and semiconductors, the dielectric function is mainly contributed
by the bound electrons.
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Since the classical model (CPS) approach is based uniquely on the use of the dielectric
function to characterize the material (without any microscopical description of the solid),
such a classical model should be successful also when it is applied to semiconductors.
Although some experimental work has been undertaken, it is still not clear whether the
transfer rate depends as d 2 in the quenching regime.

Hayashi et al. [39] studied fluorescence of 50 A thick films of tetracene at A= 580 nm,
separated from Si and GaAs by LiF spacer layers. The molecule-substrate distance range
was spanned with spacer thicknesses of 20 A < d < 400 A; the transfer rate to the substrate
was inferred from fluorescence intensity data. On Si the rate is claimed to show an
exponential distance dependence instead of d =2 , on GaAs the rate was found to be
even constant for d < 100 A. In both cases, a very large discrepancy in comparison to the
CPS-predictions have been observed. In case of tetracene on Si, a fluorescence intensity
reduction more than two orders of magnitude larger than the predicted one has been
reported. However, such experimental approach, based only on fluorescence intensity
measurements, is inadequate since the radiation pattern changes quite dramatically as
the spacer layer thickness is changed [40].

In the group of Harris, Whitmore et al. studied the fluorescence from one monolayer
pyrazine (A=380nm) above GaAs(110) using ammonia (NHj3) as spacer layer [23]. The
fluorescence lifetime of the molecular film was directly measured and a classical d 3
distance dependence was found in the short-distance range, with the tendency of a slightly
faster dependence in the range 20 A < d < 100 A. Furthermore, Alivisatos et al. examined
the lifetime of submonolayer pyrene (A=390nm) above Si(111) (Xe as spacer layer) [24].
The distance dependent excitation transfer to Si was somewhat inconclusive, as only few
experimental points were reported and since a significant intra pyrene layer energy transfer
took place in addition to energy transfer to the Si. Brandstétter et al. [41] reported no
energy transfer to the substrate in their study of cyanine (A=440nm) above Si. Also in

this case only fluorescence intensity measurements were carried out.

In a more recent study, Sluch et al. [42] investigated fluorescence from palmitic acid
(A=450nm) above Si using LB layers of tricosenoic acid as spacers. The data show a
d~? dependence of the lifetime for 100 A < d < 300 A but for 30 A < d < 80 A the distance
dependence was weaker, in contrast to the results of Alivisatos et al. [24].

In all the experimental works reported above, the interaction that gives origin to exci-
tation transfer takes place between the excited molecules within the molecular film and
the substrate, not between one molecule and substrate. This aspect has been almost
totally disregarded until the earlier research activities undertaken by our group (M. Daf-
fertshofer, 1995 [34]; U.Goémez, 1997 [43]), in which it has been clearly shown that the
effect of intra-layer transport can be separated from the effect of excitation transfer to
the substrate, as described in the following section.
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1.1.5 The research of our group and the goal of this work

In the 3. Physikalisches Institut, the study of molecule-substrate interaction was the main
subject of the Ph.D. Theses of M. Daffertshofer [34] and U. Gémez [43]. In both cases, time
resolved fluorescence spectroscopy techniques were applied to measure, in—situ, ultrathin
films of organic molecules deposited at 7'=10 K. Daffertshofer’s work was dedicated to
anthracene, Gémez’s one to MePTCDIC.

Anthracene

The fluorescence spectra and decays of thin anthracene films, deposited at helium tem-
perature, have been measured upon variation of temperature (10—300 K). The substrate
was systematically changed (KCI, Si, Ag, Au, Cu were used), as well as its distance to
the anthracene molecules: in one case, by variation of anthracene film thickness between
3.5A (~1monolayer) and 1000 A [32]; in another case, by depositing an inert spacer of
solid nitrogen (V3) with various thicknesses between the substrate and a single anthracene
monolayer [33].

Similarly to what was observed in Harris’ group experiments on other molecules, a
strong fluorescence quenching and fluorescence lifetime shortening was measured when
anthracene is deposited at short distances from the substrates. Nevertheless, a quan-
titative description via CPS classical model was difficult for the following reasons: a)
the fluorescence from 3.5A thick anthracene films exhibits two superimposed components
(excimeric and monomeric in nature), with different emission energies and lifetimes. The
initial assumptions needed to perform the numerical CPS calculations introduce a large
uncertainty in the results. b) For film thicknesses in the range of one monolayer, even
if no excimer emission is detectable, the dispersive transport inside the anthracene film
(hopping among monomer energy levels) introduce a strong non-exponential behaviour in
the fluorescence transients that makes decay analysis rather complicate. c.) Even at he-
lium temperature due to the relative small molecular mass, the dimensions of anthracene
molecule and the weak binding with the substrates, ‘scrambling” phenomena were ob-
served in thin films (with final aggregation of molecules). As a consequence, the films
could not be considered as a regular layer of molecules parallely oriented to the substrate

surface.

Even with this difficulties, in the work of Daffertshofer the problematic of the two
competing processes (excitation transfer intra-layer and across the layer to the substrate)
was correctly pointed out, many experiments performed and the experimental results
modelled through a modified version of Suto’s approach to CPS theory (for thick films).

MePTCDI
Starting from the experimental work of Daffertshofer, Gémez approached the study of the

¢ N,N’-dimethylperylene-3,4:9,10-bis(dicarboximide)
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molecule-substrate interaction using Ag and Si(111):H (hydrogen passivated silicon) as
substrates and changing the molecule (MePTCDI instead of anthracene), the thickness of
the film (well below one monolayer instead of ~ 1 monolayer) and the preparation method
of the substrates.

The reasons to do that: MePTCDI molecule, in comparison to anthracene, is larger and
has a smaller lateral mobility; at helium temperature it turns out to be almost immobile.
It is therefore possible to deposite in UHV well defined molecular thin films.

The thickness of the film was changed: varying from ~ 1monolayer to 0.1 or 0.01 of
a monolayer the intra-layer transport can be definitely interrupted. Depositing such an
‘ultra’-thin film at a distance d from the substrate by spacer layer technique, it is possible
to study directly the distance dependence of molecule-substrate interaction without other
competing processes. Naturally, reducing the organic film thickness in a controlled way
by a factor 100 is technically difficult.

The substrate preparation was also improved: in the case of silicon Si(111) the use
of a wet chemical passivation process (modified RCA-process, see § 2.3.2) resulted in a
complete removing of the natural oxide layer from the silicon surface and in a hydrogen
passivation of any unsaturated dangling bond; this permitted to obtain a chemically
inert surface and to define appropriately the distance between the molecule and the bare
silicon surface. Further, for metallic substrates the introduction of an argon-ion sputtering
system resolved the problems connected to the presence of residual contaminants on the
sample surface.

The starting point of the research was a conventional approach (progressive variation of
film thickness in the range 1—50 ML), with deposition of the molecules on various kinds
of solids: insulator (quartz), metal (Ag) and semiconductor (Si(111):H) in order to study
the different competition between the two components of energy transfer (intra-layer vs.
molecule-substrate).

Then, by progressive coverage reduction (from 1ML down to 0.01 ML) it was possi-
ble to reduce continuously the intermolecular interaction inside the film down to stop
definitely the intra-layer excitation transport (isolated molecule limit). As a result, at
0.01 ML coverage on non-interacting substrate (quartz) a monomeric spectrum was de-
tected, with monoexponential decay and nearly intrinsic fluorescence lifetime (typical of
non-interacting molecules, without excitation transfer to the substrate). In contrary, on
interacting substrates (as Ag and Si(111):H) beside a monomeric spectrum a shortened
fluorescence lifetime was detected (typical for non-interacting molecules, but including
excitation transfer to the substrate). The amount of the fluorescence lifetime shortening
was quantitatively placed in relation with the type of solid used as substrate.

d ML= nominal MonoLayer
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By using the spacer technique, the distance dependent MePTCDI lifetime was mea-
sured on Ag in a wide range of molecule-substrate distances (0—300 A). Such a dependence
could be quantitatively described by the classical CPS model.

On Si(111):H semiconductor, the molecular lifetime in the isolated molecule limit was
measured only at minimum distance (d=5.7 A) and a deviation of more than one order of
magnitude from the CPS predictions was found. Furthermore, by using a method similar
to Suto’s approach, it was possible to yield data on the distance dependent fluorescence
lifetime as measured on thick films. In this case, a deviation (weaker dependence) from
CPS predictions on films with thickness below 5 ML was also observed.

The goal of this research
Starting from the earlier experimental work of our group, the goal of this research is to
study, according to the isolated molecule approach (i.e. depositing ultra-thin film) the

interaction mechanism between molecule and substrate, with focal point on semiconductor

substrates.

Whereas on metals the interaction between molecule and substrate is adequately ex-
plained in terms of excitation of surface charge oscillations (surface plasmons) via the
near field of the excited molecule, on semiconductors the interaction mechanism is not
still obvious.

The research made use of the spacer layer technique to fix the distance between the
molecular film and the substrate. All the measurements were carried out in—situ at helium

temperature.

As molecule, MePTCDI was used, as its physical characteristics and fluorescence prop-
erties are well suited for our scope and because of a direct comparison with earlier results.

As substrates, Si(111):H and MoS,® were considered, because of their well known
properties and preparation techniques and their different band structures. They are both
indirect semiconductors, but in one case (MoS;) the energy of excited MePTCDI molecule
lies above the direct band gap of the material, in the other case (Si(111):H) it lies below
the direct band gap (and above the indirect band gap) of the solid. Such a difference is
expected to have a drastic influence on the energy transfer rate from the molecule to the
substrate.

As experimental technique, the time-resolved Single Photon Counting (trSPC) was
used. During this research an updated experimental setup (based on an integrated acqui-
sition board) was constructed, throughly tested and finally used for the measurements.

¢ Molybdenum Disulphide



2 Setup

In this section the experimental setup and the methods used for the preparation and
measurement of ultrathin films ( < 0.1 ML?) of MePTCDI deposited at T'=10K on semi-
conductor substrates are briefly described.

The deposition of the film takes place in Ultra High Vacuum (UHV') at helium tem-
perature to avoid rearrangement of the molecules on the surface of the substrate. The
experimental setup used to deposited the ultrathin organic films and the argon spacer
layers are described in § 2.1.1.

The characteristics of the MePTCDI molecule, those of its crystal and the purification
methods are described in § 2.2. The substrate preparation is described in sections § 2.3.1
(MoS,) and § 2.3.2 (Si(111)).

The optical measurements on the films take place in—situ, at helium temperature,
directly after the deposition. The setup for the time-resolved Single Photon Counting
Fluorescence Spectroscopy (fluorescence spectra and decays) is described in § 2.4.

2.1 Sample production and analysis

2.1.1 Setup of UHV system

The UHV system used for the deposition and analysis of the organic films is shown
in fig. 1; the system consists of a preparation chamber and a deposition/measurement
chamber (main chamber).

Transfer system and preparation chamber

The preparation zone (fig. 1, on the right) consists of a load lock and a substrate prepa-
ration chamber, equipped with a turbomolecular pump (Edwards EXT 100) that enables
a base pressure of 5-107% mbar.

The transfer section is connected to the preparation chamber by a gate valve and
consists of a separately UHV-pumped volume equipped with a flange to introduce the
sample (fixed on a sample-holder made of copper or steel) and of a transfer rod. Under
atmospheric pressure, the sample-holder is introduced and fixed at the end of the rod; the
volume is successively pumped down to < 10~7 mbar in within ~ 15 min. The gate valve
between transfer and preparation chamber is opened and the sample is moved therein.

In the preparation chamber the substrates are treated to remove residual contaminants
from their surface. The sample-holder is screwed on a 360 degrees rotatable vertical rod
at the centre of the chamber. The preparation is different depending on the type of

& MonoLayer
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Fig. 1: Schematic drawing of the used UHV system; it consists of two parts connected by
a transfer line: a “preparation” chamber containing high-temperature flushing,
argon lon-Sputtering, LEED analysis and Auger spectroscopy and a “main”
chamber for the deposition and measurement in—situ. Here a He—flux cryostat
mounted inside the chamber allows controlling the sample temperature in the
range of 10-400K (see text)

the substrate. In case of semiconductors, after the preparation ex-situ (see below) the
treatment in—situ consists essentially in annealing, in the case of metallic surfaces a series

of sputter-annealing cycles provides near contaminant-free surfaces.

The annealing process consists of a continuous heating of the sample by a tungsten fila-
ment up to 240 °C. For higher temperatures electron-bombardment is applied accelerating
thermoelectrons from the filament by a high bias voltage (1000-1500 V). The accelerated
electrons impact on the rear of the sample-holder and by this enable a sample temperature
up to ~500°C. The temperature can be regulated by monitoring the flowing current.

The sputter-annealing process is suited to treat metallic surfaces. By means of a
sputter source (Specs IQE 11/35), ionized argon atoms are accelerated by a high potential
difference (300-5000V) and shot against the sample surface. The argon ion flux can be
controlled by controlling the injection of argon gas in the chamber through a leak-valve.

Deposition/measurement chamber (main chamber)
The part of the device destined to deposition and measurement is shown in fig. 1, on the
left. It consists of an evaporator (oven) and of a deposition and measurement chamber,
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equipped with a turbomolecular pump (Edward EXT 200) that provides a base pressure
of 2-4-107' mbar during the measurement.

The evaporation system is connected to the main chamber by means of a gate valve
and it is separately UHV-pumped: in this way the crucible of the oven can be effectively
refilled without airing the main chamber. The evaporation oven is constructed as a copper
block indirectly warmed by a filament. The crucible is a small steel cylinder closed by a
cover with a 1.5 mm large aperture, filled with the organic substance and deeply inserted
inside the copper block to ensure the higher temperature uniformity on its surface.

The deposition chamber is equipped with sapphire windows to ensure the highest trans-
parency on whole spectral range. A helium-flux cryostat (Cryovac Konti) is mounted by
an UHV-flange inside the chamber; the temperature of the sample, screwed at the end of
cryostat’s cold finger can be in this way continuously regulated between 10 K and 450 K
by a temperature controller. Even without helium flux, the external tank of the cryostat
(filled with liquid nitrogen) ensures 12 hours long cooling time at 77 K. The cold finger is
360 degrees rotatable and the sample position can be vertically varied up to ~ 1cm.

Furthermore, in this chamber it is possible to deposite (at helium temperature) argon
layers with defined thickness by letting the injected argon gas condense directly on the
cold sample surface; the argon gas injection is controlled by a leak valve (details on this
procedure in § 2.1.3).

2.1.2 Organic film evaporation system

The deposition of MePTCDI films follows the OMBD (Organic Molecular Beam Deposi-
tion) method. The oven, filled with MePTCDI microcrystalline powder, is continuously
warmed up to the sublimation temperature of the material. If the temperature ramp
has been slow enough, the crucible reaches thermal equilibrium, for which part of the
molecules sublimate and part condense back. Some molecule can escape through the
small aperture on top and reach the sample ~ 20cm away from the oven. Extreme low
deposition rates can be so obtained and particularly well defined films deposited. As the
oven has no mechanical shutter, the cold finger has to be rotated so that the sample is
faced towards the molecular beam or away from it.

To obtain a reliable deposition of ultrathin films (< 0.1 ML) a rate of 0.1—0.2 A /min
has to be chosen; to measure such a rate a quartz crystal mounted in proximity of the
sample has been used and the amount of deposited material has been measured through
the change in its oscillation frequency. In the following section it is explained how this

measurement is carried out.

Interference calibration measurements and ultrathin film deposition protocol
The proper resonance frequency of an oscillating quartz crystal is in good approximation
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proportional to the mass of the oscillator. If this mass is supposed to change in time,
because of evaporating molecules that stick on the quartz surface, its proper oscillation
frequency is supposed to change (in particular, it is expected to become slower).

During the organic film deposition, the quartz oscillation frequency is continuously
monitored by a frequency meter (Conrad FZ310, internally modified to be interfaced
to an acquisition computer). From the change in frequency, making use of calibration
measurements that put in relation the number of deposited monolayers to the observed
change in frequency, the amount of deposited material can be calculated. At constant
evaporation rate, it is therefore possible to estimate the thickness of the deposited film
by measuring the deposition time.

The calibration has been carried out by interference measurement [44] on a MePTCDI

film deposited on Si(111) at room temperature; as a source, a Helium-Neon laser was used
(A = 632.8 nm, since at such wavelength MePTCDI does not absorb).

During the deposition of the film, the intensity (normalized respect to the laser in-
tensity) of the reflected signal from the sample surface has been recorded together with
the frequency of the quartz balance as a function of the deposition time. The observed
oscillations in the reflected signal originate from the interference effect between the beams
reflected from the substrate and that reflected from the surface of the film deposited on
it. Since the refraction index of MePTCDI at laser wavelength is known [45] as well as
the optical arrangement, the thickness of the film (in A) can be immediately related to
the time interval between two interference fringes. From the MePTCDI crystal structure
(in particular the distance between two molecular planes, that amounts to 3.40A [46)),
the thickness in nominal monolayer (ML) is obtained. The simultaneous measurement
of the quartz frequency vs. the deposition time permits to determine the dependence of
the thickness (in ML) vs. change of quartz frequency. From a series of measurements
an average value of 1.78 ML /Hz is obtained. Making use of this value, it is possible to
estimate the thickness of any successively deposited film by measuring the change of the
quartz frequency during the evaporation.

The calibration measurements have been carried out at room temperature; at this tem-
perature the MePTCDI film grows in polycrystalline form. Nevertheless, when deposited
at helium temperature (7'=10K), the film grows in amorphous form (see§ 3.3). The
film density decreases (30% reduction of packing density) and the resulting thickness per
monolayer changes consequently; a film deposited at low temperature at parity of de-
posited mass turns out to be up to 40% thicker [43]. The quartz thickness calibration
in any case is still valid, since the value of thickness expressed in nominal monolayer de-
pends only on the deposited mass: for a crystalline film 1 ML corresponds to 3.40 A [46],
for an amorphous film 1 ML corresponds to 3.40+40%(3.40)=4.76 A, but the change in
frequency (AHz) to get 1 ML is always the same.
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2.1.3 Argon-spacer evaporation system

The production of reasonably flat argon spacer layers with well-defined thickness has been
one of the more difficult aspect of the whole experimental activity (see also § 5.2).

The deposition of argon layers is carried out via condensation of argon gas on the sample
surface kept at helium temperature. Owing of the fact that argon doesn’t condensate
on sufficiently warm surfaces (with T >60—80K) it is not possible to use the quartz
balance (which is thermally isolated from the sample holder) to estimate the thickness
of the deposited layer. As alternative method, the deposition is indirectly controlled by
monitoring the partial pressure of the chamber when argon is injected.

The pressure of the chamber (~ 4107 mbar at 7=10K) is assumed negligible with
respect to the argon partial pressure during the injection of the gas. The measured
partial pressure during the gas injection thus corresponds to the argon partial pressure.
All Ar atoms are supposed to possess similar velocity (depending on the temperature),
i.e. the pressure turns out to be proportional to the number of particles. But also the
condensation rate is proportional to this quantity, therefore it is proportional to the argon
partial pressure; i.e. the argon condensation rate is proportional to the measured chamber
partial pressure, too.

Through a series of calibration measurements, the rate of growth at various partial
chamber pressures has been estimated via interference methods. The effect on the growth
rate of changing the angle between sample surface and argon jet has been also inves-
tigated. As a result, during the argon gas injection at a partial chamber pressure of
8.0-10~" mbar, condensation rates of 0.82A /s, 0.70 A/s and 0.65 A /s are obtained when
the sample surface is perpendicular to the jet, parallel to the jet and on the opposite side
with respect to the jet, respectively.

The critical aspect in the condensation of the spacer concerns the substrate temperature
during the spacer deposition. As extensively discussed in § 5.2, if the condensation occurs
at T'=10K and the layer is not further processed, the spacer appears to be rigid and
stable over several hours [43,47], but not flat.

On semiconductors, to avoid undulations and to get a homogeneous coverage it
was found to be more effective condensating the argon at the minimum temperature
(Ts =10K), then progressively warm the sample up to 7'=25K (in 10-15 minutes) to let
the atoms in the argon layer settle in, lowering back the temperature to 7'=10K and
continue with the successive deposition of the organic molecules on the top of the spacer.

All the experimental results reported in chapter 4 have been obtained following this
argon deposition procedure that ensures planarity of the spacer layer; nevertheless, the
effects of untreated spacer undulation have been thoroughly studied: the results of this
research are exemplified in § 5.2.
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2.1.4 Ultrathin films: evaporation techniques

When the target film thickness goes down below one monolayer, the deposition of organ-
ics at T'=Tg=10K becomes critical. To get reliability and a good reproducibility the
deposition must be error free and with a correct timing.

For thin coverages, extreme low evaporation rate has to be used (0.1—0.2 A /min), with
a deposition time of the order of just few seconds. In the case of extreme low coverage
(0.01 ML), usually no more than 5 sec are needed.

The preexistent setup has been improved to get a better control on the various evap-
oration parameters. In particular, the integration between oscillating quartz frequency
counter, oven temperature controller and computer permitted to follow the thermaliza-
tion dynamics of the quartz balance during the cryostat cooling down and to monitor the
evaporation rate with an accuracy of ~ 4 over 107. Since the quartz balance is placed in
proximity of the sample holder, which is fixed on the coldfinger block, its elastic constant
(and therefore its resonance frequency) is indirectly influenced by any change in coldfinger
temperature. For this reason, during the cooling down, a drift in the resonance frequency
of the quartz balance is observed.

Fig. 2 (above) shows the drift in quartz resonance frequency, when the sample holder
temperature goes down from 7T'=300 K to T'=10 K, on a temporal interval of many hours.
The nominal oven temperature is shown on the right vertical axis, whereas the dashed
horizontal lines indicate the target oven temperatures. This temperature is only indicative,
strongly depending on the position of the sensor on the copper block inside the oven. The
evaporation starting time is pointed out by a vertical arrow.

Fig. 2 (below) shows (the plot is rescaled) the observed quartz frequency when a
complete thermalization occurred (@) and its change of slope when evaporation of the
molecules starts (®). After the thermalization (usually 6—7 hours are needed to get a
frequency stability of 0.2 Hz over ~6 MHz) by slowly increasing the oven temperature
the molecules begin to evaporate and to reach the quartz balance. The observed quartz
frequency starts again to change (to slow down, @) because of its own mass increase.
From the curve slope change (Hz versus minutes), the evaporation rate can be estimated
(according to the calibration § 2.1.2) and the deposition of the molecules on the sample
can take place (by rotating the sample holder to put the sample faced the molecular
beam).

Nevertheless, at the required rate, the change in frequency is significant only on a
temporal scale of hours after the beginning of the evaporation; for this reason, a good
estimation of the deposition time (needed to get the target thickness) can be made only
at least one hour after the start of the evaporation. In the case shown, the final deposition
time has been 5 seconds long.
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Fig. 2: Typical ultrathin (0.01 ML) MePTCDI film deposition at T'=Ts=10K.
Above: Quartz frequency thermalization curve during the sample cooling down
from T'=300K to T'=10K (left) and oven warming up ramp (right)
Below: Expansion of scale of the plot above. @) indicates the definitive thermal-
ization time, the evaporation starting point; the molecule deposition begins
one hour later and it is 5 seconds long (see text).
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After the deposition, the oven must be left cool down to at least 100°C below the
substance evaporation temperature to avoid uncontrolled further deposition. The time
resolved fluorescence spectra and fluorescence decays can be then measured.

Due to the extreme low fluorescence intensity (from few photons per second, down to
less than one photon per second) very long spectrum scan times and transient acquisition
times are necessary. A duration of the single measurement up to two hours is common

(see also § 2.4), whereas a measurement session is in average 14—18 hours long.

The optic alignment to couple the collected signal to the monochromator was carefully
optimized to reduce any fluorescence intensity loss. A Peltier-cooled photomultiplier with
a very low dark current (< 1g/sec, see§ 2.4 for details) has been used, in single-photon
mode, to collect the fluorescence.

Following this procedure, it was possible to prepare and observe ultrathin films in the
coverage limit of the not interacting molecules, as described in the chapter 4.

2.2 The MePTCDI molecule

In this section, the properties of the MePTCDI molecule and of its crystal are presented.

N,N’-dimethylperylene-3,4:9,10-bis(dicarboximide) (MePTCDI)

MePTCDI belongs to the family of the perylene-derivative molecules; it is a plain, pho-
tochemically stable, difficult to dissolve, dye molecule with intense orange colour. The
molecule structure is sketched in fig. 3, a collection of physical data is reported in tab. 1.

Fig. 3: Sketch of the molecular structure of MePTCDL

Because of its low vapour pressure at room temperature and of its thermal stability,
MePTCDI is particularly suited for the production of sublimated films under ultra high

vacuum conditions.

MePTCDI crystal structure

The MePTCDI crystal structure is monoclinic, presents two molecules in the single cell
and belongs to the spatial group P2;/c (or Cj, following the Schonflies notation); the
structural data are listed in tab. 1.
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MePTCDI

Molecule

Formula CocH14N204

Mass [amul] 418

Symmetry Doy
Crystal

Spatial group P2, /c

Mol. per cell 2

a [A] 3.874

b [A] 15.580

c [A] 14.597

B 1°] 97.65

V [A%] 873.2

p lg/em’ 159

Tab. 1: Collection of physical and cristallographic data for MePTCDI [48].

MePTCDI

Fig. 4: Sketch of MePTCDI crystal structure (after [46,48]): (a) projection on the (010)-
plane, (b)on the (102)-plane. The molecule are organized in a stack structure,
parallel to (102)-plane; The molecular planes are inclined by 9degrees with to
respect to the stacking plane. The long molecular axes of the non-translational
invariant MePTCDI molecules form an angle of ~ 36.7 degrees.
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Fig. 4.a shows the MePTCDI crystal structure as projected on the (010)-plane, whereas
Fig. 4.b shows the projection of the crystal on the (102)-plane. The molecules form a
stack structure, with stacking planes parallel to (102)-crystal plane; it forms an angle of
33.7degrees with the a-axis of the crystal. The distance between two successive molecular
layers amounts to djg; = 3.40 A. Within the single stack plane the molecules do not lie
flat, but form an angle of ~9degrees: for this reason, the stacking is not ideal. Within
the stacking plane the MePTCDI molecules form a herring-bone structure, with an angle
of ~36.7degrees between the long axis of the non-translational equivalent molecules.

Purification of MePTCDI

The used substance was bought by Hoechst as powder with a minimum purity of > 98%.
As the internal molecular bounds tends to break before reaching the melting point, it
is not possible to use a zone-purification method on MePTCDI; owing to the very poor
solubility of the substance also the purification via recristallization is not applicable.

For this reason the substance purification has been carried out via double vacuum
gradient sublimation in the Kristallabor of the University of Stuttgart. After the first
sublimation, it turned out the presence of only one homogeneous fraction of material: this
implies that the starting substance was actually pure and that it has not been modified

in its internal bounds during the sublimation process.

The purity level of the sublimated material has been proofed by mass spectrometry
and X-ray spectroscopy on the microcrystalline material [43] and already after the first

sublimation step, no presence of impurities was revealed.

2.3 Substrates and their preparation

In the present research a number of different substrates has been used. The choice of the
substrates was mainly driven by considerations about their dielectric functions (which
completely determine their optical properties as explained in § 6), their preparation easi-
ness and their UHV compatibility.

The following substrates have been taken into account:
- Molybdenum Disulphide (MoS;): indirect semiconductor, with direct gap energy
By =195eV < By, =2.32eV (MePTCDI emission energy)
- Silicon (Si(111)): indirect semiconductor, with direct gap Epf =3 46V > By,

- Quartz: insulator, as reference material.

Further measurements, not reported in this thesis, were performed on gold (Au(111)) and
gallium phosphide (GaP).

Most of all, the two semiconductors (MoS, and Si(111)) have been particularly studied;
the reason of this choice, their characteristics and the experimental details on their prepa-
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ration techniques are given in the following sections, whereas their dielectric properties
are reported in Appendix (A.1).

2.3.1 MoS,

Molybdenum disulphide (together with the graphite) is a typical representative of the
layered crystals, characterized by strong covalent bounds among atoms inside a layer and
weak van der Waals bounds between the layers (fig. 5, left).

Such a crystal structure derives from the nature of the single layer formed by a sandwich
S-Mo-S (fig. 5, right), where each Mo (filled circle) is in 6-fold coordination with the
chalcogen (sulphur, hollow circle).

Fig. 5: MoSs: sketch of the layered structure and of the crystal. The weakness of van
der Waals bounds between the layers makes the cleavage easiest along the plane
(0001).

The weakness of binding between the layers explains the exceptional cleavability along
the plane (0001). The exposed surface exhibits, after the cleavage, sulfur atoms arranged
in hexagonal symmetry, described by the two dimensional spatial group p6mm.

Since, after cleaving, there are no unsaturated valence electrons on the surface (because
the cleaving breaks only van der Waals bounds), MoS, turns out to be chemically inert.

The first layer of molybdenum atoms is arranged 1.49 A below the external layer of
sulfur atoms. Further 1.49 A deeper follows the second layer of S atoms. The underlying
sandwich S—-Mo—S layer is laterally displaced of a half lattice constant with the respect to
the first one, so that the lattice constant ¢ amounts to the double of the value of interlayer
distance.

The direct band gap energy of 1.95eV makes the MoS, substrate an ideal candidate
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(used together with MePTCDI molecule) to study the molecule-semiconductor interaction
when the emitter energy is greater than the absorption edge of the solid (see § 8.6).

A collection of physical and crystallographic data for MoS, is given in the second
column of tab. 2. The band gap energies for the first indirect and direct transition are
also tabulated.

MoS, Si
Spatial Group | P63/mmec | Fd3m
a[A] 3.1604 | 5.4301
c[A] 12.295 | 5.4301

(0001)-plane p6mm -
p [g/cm?] 4.92 2.42

Ton [°C] 450

Tnerr [°C] 1185 1412
ind. trans. [eV] 1.1 1.16
dir. trans. [eV] 1.95 3.4

Tab. 2: Collection of physical data and structural parameters of MoSs [49-51] and silicon
crystals [52].

Preparation of the MoS, substrate

The molybdenum disulphite substrates have been cut (in square shape, 5mm X 5mm)
from a piece of natural mineral provided by Prof. Dr. N.Karl (3.Phys.Inst. - University
of Stuttgart). Because of its layered structure, MoS, is extremely easy to prepare by
peeling by means of adhesive-band. After peeling the substrate is immediately brought in
UHV and annealed at 240 °C to desorb water and any residual organic contaminant. The
exposed sulfur basal plane turns out to be nearly defect-free on large scale. Extremely
sharp LEEDP patterns ensure high surfacial order. Moreover, Auger spectroscopy applied
on the bare MoS, confirms the cleanness of the surface, on which only a residual percentage
(<5%) of contaminant carbon atoms can be detected.

2.3.2 Si(111)

Silicon has been chosen because of its attractivity in photonics, its optical characteristics
and the possibility to obtain a well defined chemically inert surface by wet-chemical etching
and H-passivation.

b LEED: Low Energy Electron Diffraction
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Moreover, its direct band gap energy of F = 3.40 eV makes silicon indicated to study
the molecule-semiconductor interaction when the emitter energy is lower than the direct
absorption edge of the solid (see § 8.6).

A collection of physical, optical and cristallographic data for silicon is given in the third
column of tab. 2.

Preparation of the Si(111) substrate

The silicon substrates (square shaped, 5mm x 5mm) have been cut from Si(111)-wafers
(Wacker-Chemitronic) with various doping levels (p=0.5—1000-cm) and doping types
(p and n).

As a result of the exposition to air, the silicon surface (fig. 6, above) is covered by a
natural layer of oxide, whose thickness amounts to 5—20A [53]. The importance to take
into account the existence of the oxide layer on silicon surface is pointed out in § 2.3.3.

By means of a wet chemical etching process, it is possible to remove completely this
oxide layer from the surface and moreover passivate all the reactive, ‘dangling’ (unsat-
urated) bonds with hydrogen atoms. The result is a near perfectly hydrogen-passivated
surface [54]. The preparation method is in detail described in the following. During this
work, all the silicon substrates have been prepared in collaboration with G. Untereiner
(1. Physikalisches Institut - University of Stuttgart).

Apart from oxide layer, an untreated silicon crystal can exhibit also contamination
by OH-bonds and by heavy metals. The used cleaning process, based on the RCA¢-
method [55,56], eliminates organic and inorganic contaminants from the surface.

The steps of the process are the following:
- Pre-cleaning of the surface through bath in aceton and methanol.
- 4 min in H,O — H,S0O, — H50, solution — controlled oxidation of the surface.
- 4 min in H,O — NH,OH — H50, solution — dissolving of organic bounds and
formation of ammonia-complexes of some metals (Ag, Cu, Ni, ...).
- 4 min in H,O — HCl — H50, solution — Alkali- and heavy metals are captured
from the surface and hold in solution.

After each step, the substrate is dipped into high purity water (o >10'®Q-cm). At the
end of the process the so treated sample is etched for 4 min in a solution of H,O — NH,F
to saturate the free bounds of the surface by hydrogen atoms.

The so prepared surface turns out to be hydrophobic, whereas the H-passivation pre-
vents for long time (also in air) the growth of a new oxide layer [57]. After the prepara-
tion, since the sample is still sensible to contamination by hydrocarbons, it is immediately
transferred in nitrogen atmosphere and within 10-15 minutes brought into UHV. To avoid

¢ RCA Laboratories, Princeton, N.J.
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Fig. 6: Scheme of the Hydrogen passivation process of Si(111) substrates by means of
modified RCA-method [55, 56].

any risk of after-contamination the sample is not further treated in preparation chamber,
but directly moved into the measurement chamber.

Other researches [58] evidenced how Si(111) samples prepared in a similar way exhibit
a nonreconstructed, monohydride-terminated surface, where residual contamination by
carbon atoms can be still present.

2.3.3 Problems related to the sample preparation

The preparation of the sample is a step of crucial importance to get reliability in the
results. The substrate preparation methods described in the precedents sections ensure
good final results and high reproducibility; in this section further aspects related to the
sample preparation are pointed out, in particular:

- Presence of natural oxide layer on the surface of the substrate and its treatment

- Chemical reactivity of substrate and effects due to the presence of contaminants

bound on it
- Argon spacer layer: difficulties related to the undulation and the inhomogeneity of

the spacer

1) Native oxide layer as a natural spacer
Dealing with distance-dependent measurements, the role of the thin oxide layer naturally
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grown on the substrate surface has to be carefully taken into account. In particular, it
has to be considered that the oxide layer acts as a natural spacer between the substrate
and the molecules deposited on top. Since the deposited organic thin layer is far from
the bare surface of the substrate by an amount equal to the oxide layer thickness (up
to tens of Angstroms) and being the emitter-substrate distance just the key parameter
in the molecule-substrate interaction, the observed fluorescence decay and the measured
fluorescence lifetimes are evidently affectedq.

The common methods are usually inadequate to prepare surfaces (both of semicon-
ductors or metals) covered with an oxide layer. The chemical treatment based on spec-
troscopic grade solvents and on successive annealing at few hundreds of grads for hours
in UHV, is not effective in the present case, since the thick oxide layer that covers the
substrate is not actually removed, but only ‘cleaned’.

In order to definitively remove the oxide layer and deal with the real surface of the
substrate, the metallic substrates have always been treated by a number of sputtering-
annealing cycles (see § 2.1.1), whereas the wet chemical treatment (described in § 2.3.2)
has been used in the case of Si(111) crystals.

2) Silicon unsaturated dangling bonds and surface reactivity

The presence of contaminants on the surface of the substrate affects drastically the de-
excitation pathways of excited molecules successively deposited on it at a distance d and
their fluorescence dynamics. This perturbation is particularly strong on silicon and it has
been thoroughly studied, in its distance dependence, by means of time resolved fluore-
scence spectroscopy techniques (see § 5.1.2). Origin of such contamination is the presence
of unsaturated dangling bonds (free bonds of surfacial silicon atoms) on the surface, result
of annealing treatment of the sample or of incomplete H-passivation. Such free bonds act
as chemically highly reactive centers and external ‘contaminant’ molecules are captured
and tightly bound to the surface.

The ways an organic molecule can be trapped on the top of an only partially sat-
urated silicon surface have been object of a series of studies performed by a number
of different techniques. In particular, it has been found that unsaturated silicon dan-
gling bonds are capable, also at low temperature, of dissociating 7 bonds in hydrocarbon
species [59-61] [62, and ref. therein]. Recently, it has been demonstrated that on a hy-
drogen passivated silicon surface a ‘chemical contrast’ can be generated desorbing single
hydrogen atom by an UHV-STM (UHV-Scanning Tunnelling Microscope) tip [63-66];
upon successive deposition of organic molecules, they are seen to bind to the surface ex-
clusively at prepatterned dangling bond sites. An example of this site selective reaction

d A variation of 100% in MePTCDI fluorescence decay time with and without natural oxide layer was
precedently observed on Si(111) [43].
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is the [2+2] cycloaddition reaction between C=C double bond in norbornadiene (NBE,
bicyclo[2.1.1] hepta-2,5-diene) and a reactive free silicon dimer bond on the surface [67].
These observations show that: 1.) even a single unsaturated dangling bond act as a
trapping center for organic molecules and 2.) trapped organic molecules can be locally
deformed or altered in their chemical structure.

Adsorption of MePTCDI on Si(111) surface

When organic molecules (and in particular the extended perylene derivatives) are de-
posited on Si(111) surface, the strong local chemical interaction can actually cause
(re)hybridization and formation of local bonds between the substrate and the reactive
groups of the organic molecule [68]. Moreover, the presence of adsorbates on the surface
perturbs locally the electronic properties of the interface.

Different possible orientations (depending on simultaneous occurrence of different ad-
sorption sites) and the partial dissociation of the adsorbated molecules are reported in
literature [68-70] to be the cause for the observed disorder and random orientation of big
perylene derivatives on Si(111).

As an example, neutron spectroscopy, photoemission experiments and NEXAFS® [69,
70] and [68, and ref.18,19 therein] carried out on PTCDA on Si(111) indicate a strong
chemical interaction of the anhydride group with the substrate as derived from significant
changes in the corresponding features of carbon and oxygen, whereas the perylene core
(i.e. the aromatic ring) system remained essentially unperturbed.

On the base of these observations and due to similarity between MePTCDI and other
perylene derivatives as PTCDA (methyl instead of anhydride as radical group), it is rea-
sonable to assume that adsorbed MePTCDI molecules on reactive silicon tend to maintain

the perylene core structure unaffected. This aspect will be experimentally considered on
§ 5.1.1.

Similarly to the case of metals, a good method to prepare a contaminant-free silicon
surface (and regenerate the substrate after a measurement), would be a ‘gentle’ argon
ion-sputtering (E <500eV, with current density of 3—5 A /em? for 30—40min) followed
by a strong annealing of the sample up to 1000-1200 °C. This process ensures the removing
of any organic residuum. After the treatment the silicon surface presents a reconstructed
(7% 7) surface [54,71,72]; recursive sputtering-annealing cycles create however a large
amount of structural defects and induce roughness of the surface. Due to limitations of
the used experimental setup (highest annealing temperature, T,,, = 500°C), it was not
possible to apply this method to treat the silicon substrates; for this reason every time a
new, freshly prepared (via the wet chemical method described in § 2.3.2) Si(111) substrate
was used.

¢ Near Edge X-ray Absorption Fine Structure
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3) Argon spacer layer inhomogeneity

Finally, the argon spacer can be not completely flat immediately after the deposition. The
experimental effects related to the inhomogeneity of the argon spacer will be extensively
considered and discussed in § 5.2.

2.4 Time resolved Single Photon Counting fluorescence spec-

troscopy

The fluorescence measurements have been carried out with high detection sensitivity
and a ps-time resolution; the setup used for the time resolved Single Phonon Counting
fluorescence spectroscopy is sketched in fig. 7.

Mode L ocker Driver Cavity Dumper Driver
Nd:YaG )
Y
Pulse Picker
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Fig. 7: Sketch of the device for the low temperature time-resolved Single Photon Count-
ing fluorescence spectroscopy.

The basic principle

In ps-time resolved Single Photon Counting (trSPC) the time difference between a laser
pulse that excites the sample and the emitted photon is measured for each emitted photon.
The time difference values are accumulated for a statistically large (~ 10* — 10%) number
of emitted photons and plotted as number of photons vs. delay time; such a curve is called
fluorescence decay curve (fluorescence transient) and its shape reflects the fluorescence
properties of the sample.
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The collected photons are detected at a defined spectral position. If the detection
frequency is changed, it is possible to measure a ‘time resolved fluorescence spectrum’ by
measuring at each frequency a fluorescence decay curve and than dividing the histogram
in a number of ‘time windows’ (i.e. time ranges after the excitation pulse). By summing,
at each frequency, all the photons inside the various time intervals it is possible to obtain
fluorescence spectra at different delay. This allows to study phenomena characterized by
spectrally superimposed emission, but distinct in time.

The Single Photon Counting (SPC) technique is particularly indicated for studying
weakly fluorescent samples (with very low photon count rate) as those considered in this

work.

The excitation source

Short excitation pulses are effectively produced by high repetition active mode-locked
Nd:YaG' Laser (Quantronix 416) working at a repetition rate of 76 MHz with a pulsewidth
of ~100ps. The cw-output power amounts to 11 W at A = 1064 nm. The laser emission
line frequency is doubled through a KTP2-crystal with Type-II phase matching. The
cw-power after frequency doubling (A = 532nm, 7 = 18796 cm™') amounts to ~1.5W.

The doubled laser line is passed through a Pulse Picker (Coherent 7220), that enables
to reduce the repetition rate down to 3.8 MHz. The minimum time separation between
two successive pulses amounts to 260ns. In operative configuration the average power

after rate reduction amounts to 8-10mW, corresponding to an average energy per pulse
of 2.6 nJ. The limit FWHM of the pulse is ~ 65-70 ps.

The detection system

The spectral selection of the fluorescence is performed by a double monochromator
(f = 0.5m) with subtractive dispersion (Dilor). The covered spectral range spans from
11335¢cm ™! to 41580 cm .

The spectral resolution, using typical slit width (600 um), on the base of a total dis-
persion of 0.9 nm/mm, amounts to < 15c¢m™" on the whole spectral range.

After the spectral selection, the signal is finally detected by a fast microchannel plate
photomultiplier (Hamamatsu R-3809U-01 with multi alkali cathod). The photomultiplier
is cooled to -30°C to minimize the dark counts (< 1photon/sec). The PMT (Photo
Multiplier Tube) provides a current pulse with average rise-time of ~ 170 ps and Transit-
Time-Spread (TTS) of < 25ps. The absolute quantum efficiency of the detector is between
1% and 10% on the whole spectral range.

f Neodymium:Yttrium- Aluminum-Granat
€ Potassium-Titanyl-Phosphate
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The new integrated system for trSPC

During the present experimental work, the preexistent acquisition device based on a HP-
2100 computer has been replaced by an updated system based on an integrated Single
Photon Counting board (Becker & Hickl) and two other accessories modules (A /D conver-
sion and I/O controller). The software for the calibration, system control, data acquisition
and analysis has been newly programmed and tested.

The logical building blocks of the acquisition system are: Constant Fraction Discrimina-
tion (CFD), Time to Amplitude Conversion (TAC) and Multi Channel Analysis (MCA).
The CFD prevents time shift of the start/stop pulse due to amplitude jittering of sig-
nal, the TAC converts linearly the time delay of the emitted photons with respect the
excitation pulse in a voltage, which is successively converted in digital form, the MCA ac-
cumulates events and generates finally the histogram of the number of photons vs. delay
(with a discretization on 4096 channels).

Maximal time resolution

The maximal time resolution of the system is determined on one hand by the electronic
components of the detection system, on the other hand by the width of the excitation laser
pulse. This value can be estimated from the FWHM of the System Response Function
(SRF) obtained by measuring the fluorescence decay of scattered excitation light.

The observed fluorescence transient is described by the convolution of the instrumental
function and the real decay behaviour [73]. By knowing the response of the system, it is
however possible to deconvolute numerically the fluorescence decay time from the exper-
imental transient. Slow fluorescence decays are negligibly affected by such convolution,
whereas the fast transients exhibit strong modulation induced by the folding with the
instrumental effects (see, for example, the fluorescence decay on MoS, in fig. 19). It is
possible to deconvolute decay times as fast as some fraction (down to 50%) of the width
of the SRF [74].

The maximal time resolution of the whole system amounts to ~ 25ps. Since the SRF
dependents on many experimental parameters, for the highest reliability of the results it
is important to measure frequently the SRF during the mesurement session.



Experimental results: organization of the chapters

In the following three chapters, the results concerning the research about the interaction
between the MePTCDI molecule and semiconductor substrates will be considered under
different points of view.

— In Chapter 3 - reference measurements, here are presented and briefly discussed
the results concerning MePTCDI molecules in dilute solution, in crystalline films
and in amorphous films.

« In § 3.1, the time resolved fluorescence measurements carried out on a

dilute solution of MePTCDI molecule give the possibility to derive the intrin-

sic properties of the isolated MePTCDI molecule (spectrum and fluorescence
decay). A numerical value of the molecular fluorescence lifetime can be accord-
ingly drawn out from the fluorescence decay curves.

- Section § 3.2 is dedicated to the temperature dependent measurements of ab-
sorption and fluorescence spectra of MePTCDI in crystalline form. The optical
properties related to the existence of an organized structure of molecules in the
space are put in evidence and briefly discussed.

- In § 3.3, amorphous MePTCDI films are considered: the temperature depen-
dent fluorescence spectra and fluorescence decays are described and discussed
and the observed fluorescence properties are put in relation to the lack of spatial
order inside the molecular film.

- Finally, in § 3.4, upon progressive molecular film thickness reduction, it is
shown how is experimentally possible to stop the intermolecular interaction and
consequently the excitation transfer inside the film, coming to a real ‘isolated’
molecule condition in solid state.

— Chapter 4 - Experimental results I is dedicated to ultrathin molecular films (iso-
lated molecule limit): in this chapter, only ultrathin (0.01 ML) MePTCDI film either
directly deposited on semiconductor surfaces or deposited on a spacer precedently

condensed on the substrate are explicitly considered.

- In § 4.1, the time resolved fluorescence spectra and decays of MePT'CDI directly
deposited on quartz, MoS, and Si(111):H are shown and the excitation transfer
rate from the excited MePTCDI molecule to the substrate are calculated for
these three cases.

- In § 4.2, the distance dependence (spacer measurements) of fluorescence spectra
and fluorescence transients for MePTCDI deposited on MoSs, as a function of
the spacer thickness is reported.

- In § 4.3, the distance dependence of the fluorescence spectra and transients
for MePTCDI deposited on Si(111):H, as a function of the spacer thickness is
reported.



— In Chapter 5 - Experimental results II, the effects of particular
treatments applied to the sample are described and discussed.

- In § 5.1, a silicon surface characterized by an enhanced chemical reactivity is
used as substrate and its effects on the distance dependent fluorescence of the
MePTCDI molecules are described and discussed.

- In § 5.2 an undulate spacer layer is explicitly considered; the effects of the
undulation on the fluorescence properties of the MePTCDI molecules deposited
on it and the modifications induced by a controlled annealing of the sample
are investigated.

3 Measurements on MePTCDI in different environ-

ments

MePTCDI can be studied (1) as non—interacting molecules in dilute solution (see § 3.1),
(2) as crystalline films deposited at room temperature in High-Vacuum (HV, ~ 10~ mbar)
(see § 3.2), (3) as amorphous films deposited at helium temperature (7'=10K) in Ultra-
High-Vacuum (UHV, ~5- 107" mbar) (see § 3.3).

A large number of reference measurements have been carried out varying the thickness
of the deposited molecular films, the sample temperature and the preparation conditions;
by changing the experimental conditions, it is actually possible to modify the environment
of the MePTCDI molecules and consequently their fluorescence properties.

Being the goal of this research the study of the interaction between isolated MePTCDI
molecules and semiconductor substrates, the results concerning ‘thick’” molecular films
(whose thickness is greater than one monolayer), although representing a large amount of
experimental work, are only briefly reported and exclusively within this chapter.

3.1 The intrinsic properties of the molecule:
MePTCDI in solution

The intrinsic optical properties of the MePTCDI molecules can be actually studied only
when they do not interact each other. This condition, extremely difficult to obtain in solid
state, is quite easy to reach in dilute solution. A dilute solution of MePTCDI molecules
offers therefore a reliable way to measure the pure molecular properties. In this section the



3.1 The intrinsic properties of the molecule: MePTCDI in solution 31

absorption and fluorescence spectra of MeP TCDI dissolved in chloroform are considered
and their characteristics discussed.

Fig. 8 shows (see Ref. [43] for complete details) the quantitative absorption spectrum
and the steady-state fluorescence of two-times gradient—purified MePTCDI in dilute solu-
tion of chloroform (CHCI3). To calculate a quantitative value of the extinction coefficient
¢, a number of absorption measurements have been carried out with increasing concentra-

tion (between 5-107%mol/l and 2-107"mol/l). The resulting numerical value is shown
on the right vertical axis, the error is &+ 5%.
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Fig. 8:

Room temperature absorption and fluorescence spectra of MePTCDI in dilute
solution of chloroform (CHCI3), after Gomez [75]. These spectra will be consid-

ered in the following the prototypes of absorption and emission spectra of the
isolated MePTCDI molecules.

MePTCDI has a chemical structure derived from the perylene and as in all the other
perylene derivatives its lowest electronically excited states are mainly governed by the
extension of m—electron conjugation and by its vibronic coupling to carbon backbone,
whereas the small outer substituents hardly affect the lowest state. As a result, the
solution absorption spectra of all the perylene derivatives are quite similar [76].

The four-bands absorption spectrum shown in fig. 8 spans the energy range of the

lowest molecular 7-7* electronic transition (So — Sy). This transition is polarized along
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Fig. 9: Fluorescence transient of MePTCDI in CHCl3 solution a room temperature. Ex-
citation at 7 =18796cm™!, detection at 7 =17300cm™" [75]. The continuous
line represents a monoexponential fit curve assuming a decay time estimated
in 7 =3.95ns; this value is the intrinsic fluorescence lifetime of the isolated
MePTCDI molecule.

the long molecular axis [43,77] and from the absolute absorption cross-section the total
electronic transition dipole is estimated to amount to 9.05 Debye [43]. The next dipole-
allowed singlet state S has a much smaller transition dipole (directed along the short

axis in the molecular plane) and a frequency of 7 = 27400 ¢cm L.

The 0—0 transition (7 ~ 19050 cm™") couples mainly to C—C and C—O vibrational
modes of the perylene carbon backbone leading to the well-developed vibronic progression
visible in the figure. Following a theoretical analysis [78] only seven (on a total of 3/N-
6 ) vibrational modes have a significant intensity in absorption spectrum of MePTCDI;
they are however not resolved in the spectrum in solution and they can be treated as one
effective mode (Av ~ 1400 cm™") with an effective coupling constant [79].

A typical emission spectrum of MePTCDI in CHCI3 at room temperature is shown on
the left side of fig. 8. The emission is a mirror image of the absorption with a Stokes—shift

a N is the number of atoms in the molecule
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of A~ 310cm™t. The excitation energy is 7 = 20830 cm L.

Fig. 9 shows (in half-logarithmic scale) the fluorescence decay of MePTCDI in CHCl;
solution (with concentratio ¢~ 10""mol/l) at room temperature in a [0—20ns] time
range [43]. The excitation energy is 7 =18796 cm !, whereas the detection energy is
7 =17300cm™!. The fluorescence transients are independent on the spectral position
and show a monoexponential decay with time 79 =3.95ns. This value will be in
the following considered as the intrinsic fluorescence lifetime of the isolated
molecule.

Moreover, in order to estimate the absolute fluorescence quantum yield ®,;. of
MePTCDI in CHCl3, the method of Parker and Rees [80] was applied; as reference, a
degassed solution of anthracene in n-hexane was used. An average (on 10 measurements)
value of @y = 0.93 with an error of +5% was found [43].

3.2 Thin microcrystalline films

In this section are reported and briefly discussed the temperature dependent absorption
and time resolved fluorescence measurements carried out on a prototypical crystalline
500 A (~ 150 ML) thick MePTCDI film. The film has been deposited on quartz, at room
temperature, under High Vacuum (HV) conditions with a base pressure of ~5-10 7% mbar
and a deposition rate of 0.75 ML /min.

The crystalline MePTCDI films are characterized by a complex energy level structure
related to the formation of delocalized crystal states or to the presence of different crys-
talline phases. That emerges in non-monomeric absorption and fluorescence spectra, as
shown in the next paragraph.

3.2.1 Temperature—dependent absorption and time resolved fluorescence

Fig. 10 (right) shows the absorption spectrum of a 150 ML thick crystalline film, when
the temperature spans the range [10—295K]. Fig. 10 (left) shows the relative quasi-cw
(quasi steady-state) fluorescence spectrum of the same film. The spectra are normalized

to their maxima; in fluorescence spectra the excitation takes place at 7 = 18796 cm *.

The absorption spectrum turns out to be drastically different from that in solution
(irrespectively of the temperature at which it is measured). It exhibits a first series
(the only visible in fig. 10 and in the following considered) of four features between
v =16000cm ! and v =25000cm ™! (i.e. between ~2.0eV and ~3.0eV). A progressive
broadening of the features upon increasing of the temperature is observed, accompanied
by an apparent shift of the first peak from 7 = 17170 cm™" (at T =10K) to 7 = 17420 cm™"
(at room temperature). The absorption spectrum turns out to be however only slightly
affected by the temperature change.
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Fig. 10: Right: Temperature dependent unpolarized absorption spectra of a 500 A
(~150 ML) thick crystalline MePTCDI film deposited at room temperature
on quartz. Left: temperature dependent quasi-cw fluorescence spectra. The
spectra are normalized to their maxima, excitation at 7 =18796cm .
interval [0—50ns]. See text for details.
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The fluorescence spectrum is also dissimilar from what observed in solution, more-
over drastic spectral variations are evidenced upon raising the temperature: the three-
features structure visible at T'=10K, progressively changes in a less structured form

centered at lower energies. The dominant feature at ~ 14000 cm !

apparently shifts to
red and then back to blue with the temperature. Under constant excitation and detection
geometry the measured fluorescence intensity drastically decreases passing from helium

to room temperature.

Making use of time resolved techniques, it is possible to evidence the temperature
dependence of different fluorescence components in the spectrum P: the fluorescence col-
lected within the first 200 ps after the excitation pulse does not change appreciably (apart
the temperature broadening of the peaks) and it reminds the form of quasi-cw fluorescen-
ce shown in fig. 10. A drastic variation is instead observed in the delayed fluorescence as
a consequence of thermally activated excitation transfer phenomena among the various
crystalline states.

Such a temperature dependence, together with the low temperature three-bands struc-
ture are commonly observed in fluorescence spectra of a—perylene crystals [81-85],
a—perylene crystalline films [86] and PTCDA films [75]. This kind of emission is in-
dicated in literature as “Y’-fluorescence. Its origin, nowadays not completely clear, is
associated to a stable low-temperature arrangement of the molecules in the crystal.

Molecular stacking and fluorescence properties

During the past years a big experimental effort was devoted to study the nature of the
lowest energy state in crystals of MePTCDI and PTCDA. Experimental investigations
were carried out with a number of different techniques ¢ and the theoretical activity on
the subject has been very intense ( [77] and ref. therein).

In the crystalline phase the excited states of the monomer are influenced by intermolec-
ular interactions, which lead to strong changes in the absorption spectra with respect to
that of the molecules in dilute solution. As an effect the solution absorption spectra
of the various perylene derivatives are usually very similar, whereas the crystal spectra
differ each other considerably (‘crystallochromy’ [46,48]), depending on the relative ar-
rangements among the molecules in the crystal. In the perylene derivatives the steric
effect of the radical substituent groups is mainly responsible of the different molecular
packing geometry and therefore of the different crystalline states.

The crystal structure of MePTCDI is characteristic, in the sense that it presents a
large anisotropy along particular spatial directions: the molecular planes are arranged

b The study of time evolution of the various fluorescence components in the spectrum of fig. 10 lies out
of the scope of this research and it is therefore here not treated.

¢ UV-VIS absorption [46,87], photo-luminescence [88-92], IR and Raman spectroscopy [93,94], electro-
absorption [95], photo-conductivity [96] and photo-emission [97].
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(fig. 4) in stacks where the molecules lie in a face-to-face configuration in closely packed
one-dimensional structures; the distance between planes of near-neighbours in stack is
3.40 A [46], in comparison the length of a molecule amounts to ~ 11 A. This causes a
strong interaction between the m—electrons along the stack and weak interaction in the
other directions.

According to a recently developed model [98] that takes into account the effect induced
by the interaction among the molecules along a molecular stack, the absorption spectrum
structures and their polarization behaviour are interpreted as the result of a strong mixing
between lowest crystal states (Frenkel excitons, superposition of neutral excited states of
molecules, considered isolated, that build up the crystal) and the charge-transfer (CT)
excitons (ionized states of the nearest-neighbour molecules). For large intermolecular
distances or negligible 7-orbitals overlap (as, e.g., in anthracene where two molecules
are laterally shifted by 5.4 A and they do not lie at all above each other) the CT levels
lie energetically well above the lowest Frenkel exciton and the effects of interaction be-
tween the two are not important (for this reason the lowest crystal state in anthracene
is adequately described by Frenkel excitons); on the contrary, for smaller intermolecular
distances or larger m-orbitals overlap (as in the case of MePTCDI) the CT exciton energy
decreases towards the lowest Frenkel exciton levels and the interaction integral between
the two (and therefore their mixing) increases. As a consequence, the lowest exciton state
becomes strongly mixed Frenkel-charge-transfer exciton in character.

On the contrary, according to a second interpretation [99], making use of time-
dependent density functional techniques the CT energies were found below the Frenkel
exciton. For this reason the mixing of both type of excitons by electron and hole trans-
fer is not expected to influence strongly the absorption lineshape; as a consequence, the
absorption and photoluminescence data are interpreted uniquely in terms of Frenkel ex-
citon [100,101]. The low energy band in fig. 10 can be accordingly interpreted as having
only Frenkel exciton character.

The goal of this research is the study of the properties of non-interacting molecules,
therefore samples in crystalline form are not suited for the scope. Their spectra have
been shown here as a reference to exemplify the optical properties of ordered molecular
structures, but they are not further considered.

3.3 Thin amorphous films

In this section, the optical properties of a prototypical amorphous MePTCDI film are
experimentally studied, together with their variation with the temperature.

The growth of organic films under particular experimental conditions (base pressure
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~5-10" 1 mbar, T =Ts = 10K 9) occurs amorphous, independently from the substrate [34,
43]; instead of a regular crystalline molecular environment a non-ordered structure results,
i.e. without spatial periodicity and with very few small crystallization nuclea enclosed.

The formation of large crystalline phases inside such molecular films is prevented by
energetic reasons: at T's =10K the MePTCDI molecules have not enough lateral mobil-
ity [43,102] to reach, after the deposition, positions and mutual orientations that minimize
the configurational energy and to form crystalline structures. Such low lateral mobility is,
however, a characteristic rare among the organics, since only bigger and heavier molecules
are observed to rest fix on the substrate after the deposition €.

3.3.1 Temperature dependent time resolved fluorescence

In order to study the fluorescence properties of amorphous samples and to proof their
degree of structural stability with the temperature, temperature dependent time resolved
fluorescence spectra and transients of a film deposited on quartz have been measured for
temperature from T'=10 K to 370 K. The results have to be compared with those obtained
for a crystalline film in the same temperature range (fig. 10).

Fluorescence spectra and transients

Fig. 11 shows the quasi-cw (quasi steady-state) fluorescence spectra of a 70 ML thick
MePTCDI film evaporated and measured in—situ in UHV at Ts =10K on quartz (base
pressure ~4 .10 mbar, deposition rate ~0.5ML/min). The temperature has been
successively raised to 370 K. Fig. 12 shows the temperature dependent fluorescence tran-
sients of the considered film, as detected at 12200cm™'. In both cases the excitation is
at 7 =18796cm~!. After reaching the target temperature, the complete thermalization
of the system coldfinger + sample holder + sample was waited (at least 30 minutes
pause before a new measurement). In the course of the measurements the experimental
geometry was not changed. The acquisition time has been kept constant for all the fluo-
rescence transients up to 250 K, then it has been prolonged four times for the last two
measurements. The temperature has been set by a temperature controller and by timely
balancing the flux of liquid helium. Fig. 11 and fig. 12 evidence that there is no significant
change in both quasi-cw fluorescence spectra and fluorescence transients over a large
temperature range. In particular, between T'=50K and T'=150 K, the quasi-cw fluore-
scence spectra remain practically unaffected, whereas a corresponding crystalline thin film
exhibits radical changes (fig. 10). The unstructured fluorescence and the negligible change

4T without subscript indicates the temperature at which the measurement is carried out, T, indicates
the temperature at which was hold the substrate during the deposition of the molecular film.

¢ Anthracene, for example, due to its small dimensions and weight, has been demonstrated [34] to have
a marked tendency to move and to form aggregates also at very low temperature and to crystallize
irreversibly for temperature above T =270 K.
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Fig. 11: Temperature dependent quasi-cw fluorescence spectra of a 70ML thick
MePTCDI film deposited at T=Ts=10K on quartz. Excitation at
v =18796 cm™!. The unstructured fluorescence and the negligible change in the
spectra upon temperature variation are the main evidences of the amorphous
nature of the film.

in spectra upon temperature variation are the main evidences of the amorphous nature of
the film. Also the fluorescence decay time measured at 7 =12200 cm ™' does not change
appreciably over the considered range of temperatures. At room temperature in—situ, the
molecular film turns out to be still non-ordered even if crystalline nucleation sites inside
the film are evidently already present {. No appreciable variation upon temperature change
is visible also at different detection frequencies (7 =16000cm ™! and 7 =18370cm ™, not
shown). In amorphous MePTCDI films, contrary to crystalline ones, the presence of
thermal activated processes can be therefore excluded on an extended temperature range.

f Actually it has been experimentally observed that 24 hours annealing at 150 °C are sufficient to come
to a complete crystallization of the film
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Fig. 12: Temperature dependent fluorescence transients of the amorphous film of fig. 11.
Excitation at 7 = 18796 cm *. Detection at 12200 cm .

3.3.2 Amorphous films and excimers

Concerning the optical properties, two are the main characteristics of amorphous films:
a) They exhibit a monomeric absorption spectrum, with a general shape indepen-
dent of film thickness [89,102]. This aspect reflects the disordered internal film structure
characterized by isotropic interaction among the molecules (unlike the an-isotropic in-
teraction typical of a crystalline environment): the excited state of the film is actually
a distribution of excited states of monomer and for this reason the absorption remains

monomeric.

b) The amorphous films exhibit nearly structureless fluorescence spectrum in a
large temperature range (fig. 11). This is quite different from the complex temperature
dependent emission of crystalline films (fig. 10) and from the monomer fluorescence in
solution (fig. 8). Furthermore, amorphous films usually exhibit a big Stokes-shift (thou-
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sands of ¢cm™!, that increases with the film thickness) and non-exponential fluorescence
decays.

The lack of features in quasi-cw low temperature fluorescence spectra of fig. 11 and the
strong Stokes-shift (estimated & to ~4100cm ') can be interpreted as the experimental
evidence of an excimer type fluorescence. The nature of excimers and their fluore-
scence properties are described in the following.

Excimers and excimer fluorescence

Two identical molecules, the mutual interaction of which causes in the ground state a bond
to be built up, form a dimer [103,104]. In contrast, if a bond between two equal molecules
can be built up only when one of two is in its excited state, the state associated to such
a pair is called excimer (exci-ted di-mer). Upon deactivation, the coupling between the
two molecules is lost and the excimer dissociates: its ground state is actually repulsive.
The excimer formation is a dynamic process that takes place between two appropriately
oriented molecules; the state associated to this pair is energetically favoured and lies lower
with respect to the energy level of the excited molecule. The excimer formation causes
delocalization of excitation on both molecules. Since the interaction between excited
aromatic molecules is generally attractive, the excimer formation is already observed in
concentrate solution of a number of organic compounds [104, 105].

On the base of its characteristics an excimer exhibits the following optical properties:
1.) The excimer state is built starting from excited states of molecular monomers, there-
fore its optical absorption is identical to absorption of molecular monomers. 2.) The
excimer energy level is lower than monomer one, consequently the excimer fluorescence
spectrum is red shifted with respect to that of monomer. 3) Since the excimer is not
bound in its ground state, its fluorescence is essentially unstructured. 4) The optical
transition from excited to ground state is not allowed for parity in excimer states [104],

therefore the fluorescence lifetime of excimers is generally longer than monomer one.

The excimer formation is extremely sensitive on the relative orientation of the two
molecules of the pair. In the case of organic molecules with extended m-electron systems
their overlap is a prerequisite for a strong interaction [104,106].

If the molecular environment is highly ordered (as in molecular crystals) the excimer
formation is possible only if the molecular arrangement permits such overlap; this is the
case of coronene [86], a-perylene [82] or pyrene [104] crystals, where a pairwise pack-
ing structure does exist; but it is not the case of anthracene [107], naphthalene [108],
tetracene [109] or S-perylene [82], where no excimer fluorescence is visible.

& The Stokes—shift is estimated as difference between the position of the fluorescence maximum in spectra
of fig. 11 and the maximum in fluorescence excitation spectra [43] measured under similar experimental
conditions.
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If the molecular environment is not ordered (as in amorphous molecular films), there
is a statistic distribution of relative orientations of the molecules. There is therefore a
distribution of molecular pairs that, in the excited state, can give rise to excimer formation;
for this reason a typical excimer emission can be observed also in amorphous films of those
molecules that do not exhibit excimer fluorescence in single crystals.

Differently from the case of excimers in molecular crystals, in amorphous films not
one, but a distribution of different excimer configurations exists. Consequently, there is
a distribution of excimer energy levels and different fluorescence spectra and fluorescence
lifetimes [34,110]. This causes a more complex dynamics in the excited states.

Intermolecular excitation transfer and trapping
The fluorescence spectra of amorphous films (fig. 11) can be described making use of the

excimer concept, as follows.

Upon electronic excitation of a MePTCDI molecule, the interaction between nearby
molecules inside the film does favour an incoherent excitation transport (i.e. by hopping)
within the manifold of monomer levels [34,43]. At a stage of this transfer, the excitation
can reach a molecule with a properly oriented neighbour, so that an excimer pair can be
formed acting as an effective trapping site: since at T'=10K the excitation cannot be
thermally detrapped, it cannot be transferred anymore and the deexcitation takes place
from this site.

Furthermore, the fluorescence spectrum of an amorphous MePTCDI film generally
exhibits a strong spectral inhomogeneity, i.e. the shape of the spectrum changes from
early to late times after the excitation pulse, shifting the position of the emission peak
and that of the fluorescence onset to lower energies within successively measured time
intervals [104]. Such effect is shown in fig. 13 (below); there, the room temperature
fluorescence of a 70 ML, amorphous film is plotted as collected in the first 1.2ns after
the excitation pulse and in a delayed time interval ([8.4—40ns]), respectively. Fig. 13
(above) shows the quasi-cw fluorescence of the same film as collected in the full time
interval [0—40ns].

The observed spectral behaviour can be interpreted as fluorescence originating from
a distribution of excimers with different spatial orientations and consequently different
ordering of energy levels (i.e. different fluorescence spectra and lifetimes). In such a dis-
tribution the high energetic components (corresponding to less stabilized configurations)
exhibit a shorter fluorescence lifetime than the lower energy ones. When the fluorescence
is collected by time resolved spectroscopy techniques, it is possible to separate temporally
the various fluorescence components, whereas the quasi-cw fluorescence spectrum results
from the superposition of the various fluorescence components contributing in different
amount.
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Fig. 13: Room temperature time resolved fluorescence spectra of amorphous MePTCDI
film (70ML) on quartz (below) and relative quasi-cw fluorescence spectrum

(above). Time range [0—40ns], excitation at 7 =18796cm™'. All spectra are
normalized to their maximum.

Since the quasi-cw fluorescence spectrum of the MePTCDI film (fig. 11) seems nearly
unaffected upon temperature change (as well as the observed spectral inhomogeneity),
the molecular reorganization during the film crystallization process is supposed to take
place slowly in the temperature range below room temperature.

Summarizing, the fluorescence in amorphous molecular films can be described as the
result of molecular monomer excitation, excitation hopping among the monomer levels,
excitation trapping in excimer trap and de-excitation. In the following, an unstructured

excimer-like emission is considered the fingerprint of an amorphous structure in the organic

film.

From now on, only molecular films deposited and measured in—situ at T=Ts=10K
are considered, without further variation of the temperature.
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3.4 Submonolayer films

In the precedent activity of our group [34,43,111] it has been shown how, depending
on the nature of the substrate and on the thickness of the deposited organic film, two
competing excitation transfer processes a) the intra-layer transfer and b) the molecule-
substrate transfer affect the sample fluorescence with different balancing.

When the organic film is deposited on a non-interacting substrate, the observed change
in fluorescence dynamics upon film thickness variation is dominated by the excitation
transfer phenomena inside the film [43].

On quartz, prototype of non-interacting material, the measured fluorescence decay time
increases upon progressive decreasing the film thickness (particularly for thickness below
few ML) [43]. This is explained in terms of reduced excitation transfer rate from molecule
to molecule: since, below the single monolayer coverage, the molecular density decreases
with the film thickness, the excitation hopping rate decreases, too and the possibility
to reach sites where the deexcitation occurs non-radiatively is reduced. The observed
radiative decay time therefore increases.

Nevertheless, a similar experiment performed on metallic or semiconductor substrates
gives opposite results [43,111]: by reducing the organic film thickness down to the single
monolayer range, the observed fluorescence decay time is strongly reduced. The existence
of a competing deexcitation process (via non-radiative interaction between molecule and
substrate) qualitatively explains the effect. The experimental findings have been succes-
sively also quantitatively described " in the case of anthracene [34] and of MePTCDI on
Ag and Si [43].

Upon further reduction of coverage well below the single monolayer (ultrathin film:
0.5 ML—0.01 ML), the interaction between the molecules diminishes until is completely
blocked (isolated molecule limit), the inter-molecular excitation transfer rate becomes
progressively slower, whereas its inverse becomes comparable or even longer than the
molecular lifetime. As a result, due to such very low hopping rate the deexcitation takes
prevalently place from the originally excited site.

Since the observed fluorescence dynamics is no more affected by intra-layer transport
phenomena, the measured fluorescence properties are determinated only by the interac-
tion between the molecules (now isolated from each other) and the substrate.

Only in the isolated molecule limit the molecule-substrate interaction phe-
nomena can be directly measured.

b A modified version [37] of the model described in § 6.1 was applied.
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3.4.1 Submonolayer film thickness dependent fluorescence on MoS,

In this section, it is shown how is experimentally possible to change, upon film thick-
ness reduction in sub-monolayer range, the balancing between the competing intra-layer
excitation transport and the molecule-substrate interaction phenomena in favour of this
latter and at limit to stop completely the former.

A series of time resolved fluorescence measurements has been carried out on a particular
kind of sample (fig. 14), using MoS; as substrate and depositing on it a decreasing amount
of molecules between 0.5 ML and 0.01 ML. MoS, is known to have a large effect on the
optical properties of organic molecules deposited on it and a strong reduction both in
fluorescence intensity and fluorescence decay time has been observed [111].

The molecular film has been deposited not in direct contact with the substrate surface,
but separated 170 A apart from the surface by means of a solid argon layer. The argon
condensed at helium temperature on the MoS, surface (details on the condensation tech-
niques in § 2.1.3) acts like a well defined spacer, optically and chemically inert, on which
the MePTCDI molecules are successively deposited following the procedure described in
§2.1.4.

Because of the separation, a direct chemical-physical interaction between the molecules
and the surface can be excluded; as a result, any variation observed in fluorescence proper-
ties upon thickness reduction is a consequence of the different trade-off between intra-layer
excitation transport and molecule-substrate interaction.

0.5ML 0.2ML 0.IML 0.0IML

170A [t

Argon

Fig. 14: Inter-layer transfer vs molecule-substrate interaction and their effects of the fluo-
rescence properties of MePTCDI films. Sketch of the studied samples structure:
a MePTCDI thin film is deposited at a fixed distance (170 A) from a freshly
cleaved MoS, substrate by means of an argon spacer. The balancing between
the two effects can be modified by a progressive reduction of molecular coverage
(0.5—0.01 ML).

Steady-state fluorescence spectra

Fig. 15 shows the in-situ quasi-cw fluorescence spectra (T'=Ts=10K) of ultrathin
MePTCDI films with different thicknesses (0.5 ML—0.01 ML) separated by a 170 A thick
argon layer from a freshly cleaved MoS, surface (time range [0—10ns]).
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Fig. 15: In-situ quasi-cw fluorescence spectra of (MePTCDI /170A Ar / MoS,) samples
for four different molecular coverages (0.5, 0.2, 0.1 and 0.01 ML) separated by a
170 A thick argon layer from a freshly cleaved MoS, substrate. T=Ts=10K.
Time range [0—10ns]. The spectra are normalized to their maxima, excitation
at 7 =18796 cm L.
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The 0.5 ML film exhibits a broad and unstructured fluorescence spectrum with maxi-
mum at ~ 15900 cm™" similar to that of the thick amorphous film (fig. 11) and for this
reason assigned to excimer type emission (‘E’). With respect to such emission a strong
blue-shift of the fluorescence (~ 1800cm™!) is observed '; it is related to the decreasing
of the dimensionality of inter-molecular interaction: below the monolayer coverage each
MePTCDI molecule has statistically less neighbours and they are spatially more confined
on the plane; the resulting possible excimer states are less relaxed and their fluorescence
is higher in energy.

Upon progressive reduction of the coverage, at fix spacer thickness (170 A), a high-
energy structure (indicated by ‘M’) gains intensity on ‘E’; it becomes dominant for the
(0.2ML—0.1 ML) films. In the limit of 0.01 ML thick film only a ‘M’-type fluorescence
characterized by a strong apparent Av =1400cm ! vibronic progression is visible. The
peak positions (tab. 3) and the intensity ratio are in good agreement with those observed in
fluorescence of MePTCDI dilute solution (apart from an additional small Az ~ 100 cm™"

solvent shift, fig. 8).

Order n | vg[em™!]
Si0 = Son | [ 30cm™!]
0 18650 *
1 17200
2 15800
3 14420

Tab. 3: Spectral position of monomer (‘M’) fluorescence peaks (see fig. 15). The * indi-
cates an extrapolated value taking into account an apparent vibronic progression
with Ay =1400cm ™.

Such spectrum has been identified in § 3.1 with the prototypic fluorescence of isolated
MePTCDI molecules; consequently the ‘M’-type fluorescence is here attributed to the
MePTCDI monomer.

At 0.01 ML coverage level, the fluorescence originates from isolated, non-
interacting MePTCDI molecular monomers.

Summarizing, when the thickness of the MePTCDI film deposited on the argon spacer
is progressively reduced within a thickness range well below the single monolayer, the
change in fluorescence spectrum appears to be monotonic and a homogeneous transition
from an excimer ‘E’ emission to a monomer emission ‘M’ is observed. Below 0.03 ML the

fluorescence has a pure monomer character.

A blue-shift upon film thickness reduction was observed also on quartz, Si(111) and Ag.
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Time resolved fluorescence spectra

Time resolved spectroscopy technique permits to separate the temporal evolution of the
two distinct emission components (‘E’ and ‘M’) upon variation of the coverage. Fig. 16
shows, from left to right, three different films characterized by a continuous molecular
coverage reduction (from 0.5 to 0.01 ML), whereas from top to bottom it is shown the
fluorescence spectrum as collected from the same sample, in different time intervals after
the excitation pulse (Fast [0—200ps], Medium [200—700ps]|, Slow [700—8400 ps| and
quasi-cw [0—8.4ns]). The last row shows three of the four quasi-cw fluorescence spectra
of fig. 15.

With reference to fig. 16, it can be observed that: at 0.5 ML coverage, the emission ‘E’
turns out to be dominant in all the time intervals, whereas the ‘M’ component appears
only in the early times after the excitation pulse and then tends to disappear. At 0.2 ML
coverage, the component ‘E’ gains intensity in the delayed times, whereas ‘M’ emission
persists up to delayed times. At 0.01 ML coverage, ‘E’ emission does not appear at all,
whereas ‘M’ gains intensity, from early to delayed times. In this limit the film fluorescence

has pure monomer character in all the considered time intervals.

These experimental results confirm that the excitation transfer inside the system of
monomer levels is effective already at film thickness above 0.1 ML . As a consequence ex-
cimer formation and excitation trapping can occur and therefore "E’ emission is observed.
Below 0.1 ML the excitation trapping becomes less probable: ‘M’ and ‘E’ emission coexist
and areas with non-interacting monomers can already exist. At 0.01 ML the excitation
transfer and the consequent excitation trapping inside the film is completely blocked and
only a pure ‘M’ emission can be observed.

Fluorescence transients

The monomer fluorescence in the system (MePTCDI /170A Ar / MoS;) can be analysed
as a function of the molecular film thickness. Fig. 17 shows the fluorescence decays as
detected at 7 =17250cm™" (arrow in fig. 15).

Down to film thicknesses of 0.2 ML, the fluorescence has predominant excimer charac-
ter and its decay is strongly non-exponential; upon a further coverage reduction (0.1 ML)
the fluorescence decays become progressively slower. In the limit of ultrathin film
(0.05—0.01 ML) the excitation cannot be transferred and the deexcitation takes place
from monomer sites. The fluorescence spectrum exhibits monomer character, whereas
the relative fluorescence transients become in the limit nearly monoexponential, with a
decay time that depends uniquely on the properties of the substrate on which the molecule
is deposited.

At a distance of 170 A from a MoS, substrate, the isolated MePTCDI
molecule fluorescence lifetime amounts to 7., = 1.8 ns.
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Fig. 16: In-situ time resolved fluorescence spectra of systems

(MePTCDI / 170A Ar / MoS,) for three different nominal thicknesses (0.5,
0.2 and 0.01ML) at T=Ts=10K. The spectra are normalized to their
maxima, excitation at 7 =18796cm ! Time intervals after the excitation
pulse: Fast [0—200ps]|, Med [200—700ps], Slow [700—8400ps]| and quasi-
cw [0—8400 ps .

Nevertheless, this value turns out to be only 45% of the MePTCDI fluorescence lifetime
as measured in solution (70 =3.95ns) in spite of a comparable (monomeric) fluorescence

spectrum and an exponential fluorescence decay.

The only difference between the two experimental configurations is that the isolated
MePTCDI molecule is now placed in proximity of a substrate: when the molecule is
brought at a short distance from the MoS, surface, its fluorescence lifetime is drasti-
cally affected. It is possible to account for the observed fluorescence lifetime shortening
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Fig. 17: Coverage dependent fluorescence decays of systems
(MePTCDI /170A Ar / MoS,) at T=Ts=10K. At ultrathin coverage
(<0.05ML), the fluorescence lifetime amounts to 1.8ns.  Detection at

‘M’ peak (7 =17250cm™") in fig. 15. Excitation at 7 = 18796 cm™".

by introducing in the system a non-radiative deactivation channel with a deactivation
rate function of the separation between molecule and substrate.

Making use of the isolated molecule approach and of the spacer technique to define the
distance between the molecule and the substrate, it is possible to study the dependence
on the distance of the non-radiative interaction between the molecule and the substrate
in the nanometric and subnanometric distance regime. This aspect will be considered in
the next chapter.

Summary of § 3.4.1

In this section it has been shown how it is possible, by the progressive reduction of
deposited MePTCDI film thickness, to change the balancing between the intra layer
transport (that causes excitation trapping and excimer fluorescence) and the non-radiative
molecule-substrate interaction. On MoS, the two effects always coexist. Nevertheless, in
the limit of non-interacting molecules, the intralayer excitation trapping can be however
effectively reduced and at limit can be completely blocked.

The observation of a pure monomeric fluorescence and monoexponential decay will be
considered in the following as the experimental fingerprint of the isolated molecule regime.
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Measurements in the isolated molecule limit

In the precedent sections it has been shown how through a progressive film thickness re-
duction the intra-layer transport phenomena via molecule-molecule interaction is strongly
suppressed. At this stage, the intrinsic molecular properties appear and the effect of the
interaction between molecule and the substrate on the dynamics of the electronically
excited states can be directly measured.

The subject of this chapter is the study of the distance-dependent molecule-substrate
interaction between isolated MePTCDI molecules and two prototypical semiconductor
substrates (MoS, and Si(111):H) by means of low temperature time resolved fluorescence
spectroscopy, making use of the spacer technique to vary the distance.

In section § 4.1, the particular case of deposition of the molecules directly on the
substrate is considered; fluorescence spectra of ultrathin (0.01 ML) MePTCDI films de-
posited without spacer on MoS, and Si(111):H are compared with those measured when

the molecules are deposited on the surface of a prototypical insulator (quartz).

In sections § 4.2-4.3, spacer measurements on MoSy and Si(111):H are reported (dis-

tance dependent measurements); the time resolved fluorescence technique is applied to
the study of the fluorescence properties of ultrathin MePTCDI films separated from the
substrate by a spacer of solid argon. In particular, the progressive shortening of the molec-
ular lifetime upon reduction of the separation between molecules and the semiconductor

is put in evidence.

4.1 Isolated molecules directly deposited on semiconductors:
effect of molecule-substrate interaction

In this section, fluorescence measurements carried out on ultrathin (0.01 ML) MePTCDI
films directly deposited on MoS,, Si(111):H and quartz are reported. The experimental
methods used for the preparation of the substrates are described in § 2.3.1 and § 2.3.2
for MoSy and Si(111):H, respectively; quartz has been cleaned by spectroscopic grade
solvents and by successive annealing in—situ at ~ 500 °C.

Fluorescence spectra

Fig. 18 shows the quasi-cw fluorescence spectra measured on the three substrates in a
time range of [0—10ns| at T=Tg=10K. As already seen in fig. 15, at 0.01 ML coverage
the fluorescence spectra have monomeric character; changing the substrate they remain
similar in shape and no appreciable band shift is visible.
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Fig. 18: In-situ, quasi-cw fluorescence spectra [0—10ns | of ultrathin (0.01 ML, isolated
molecule limit) MePTCDI films directly deposited on quartz, Si(111):H and

MoS, at T'=Ts=10K. The spectra are normalized to their maxima, excitation

at 7 = 18796 cm™!. Due to the proximity of the excitation line, the 0-0 transition
peak on the high-energy side of spectra is only partially detectable.

Only the substructure (with peaks at # =17400cm™" and 7 = 17200 cm™"), related to

the main vibrational modes of the perylene core (see§ 5.1.1), is more pronounced in the
spectrum on Si(111):H rather than in the other two cases.

For molecules directly deposited on the three considered surfaces, the fluorescence

shape turns out to be substrate-independent. It reveals that in these three cases the

electronic levels of MePTCDI are unaffected or only weakly affected by the contact with
the substrate surface.

Fluorescence transients

Beside no change in fluorescence spectra, the monomer fluorescence lifetime is extremely
affected by the change of the substrate: fig. 19 shows the normalized fluorescence decays
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of the ultrathin MePTCDI films of fig. 18, as detected at 7 = 17250 cm !, maximum of the
second emission band. The fitting curves (result of the convolution between exponential
decay curves and system response function) are mono- or biexponential (with very similar
decay times). While the isolated molecule fluorescence on quartz exhibits a decay time
(79 =3.91ns) similar to that of the MePTCDI molecule in solution (7 =3.95ns), on
Si(111):H and MoS, the lifetime is shortened respectively to a ~1/40 (7g; =145 ps)
and to a ~1/160 (Taz0s,<25ps) of this value.

Intensity [a.u]

- SlH
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Fig. 19: In-—situ normalized fluorescence decays of ultrathin MePTCDI films on quartz,
Si(111):H and MoS; at T =Ts=10K. Detection at 7 =17250 cm~!. Excitation
at 7 =18796 cm~!. Fitting: convolution between the system response function
and mono- or bi-exponential decay curves.

Two aspects have to be pointed out:
a) compared to an insulator (quartz) both semiconductors present monomer fluo-
rescence lifetime shortening
b) the shortening is quantitatively very different (about a factor 7).

The observed fluorescence lifetime shortening can be phenomenologically taken into
account by adding to the system a non-radiative deexcitation channel for the excited
state of MePTCDI molecule, with an effective rate k7" independent from the radiative
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one. The nature of this deactivation channel will be extensively discussed in the next

chapter.

If kg is the intrinsic MePTCDI fluorescence decay rate in dilute solution, the observed
decay rate kg in presence of the substrate (with s = Si, MoS,, etc.) can be expressed as
the sum of two decay rates:

ks = ko + EY" (1)

or, correspondingly, for the decay time:

1 1 1
Ts N To T
therefore
TsTo
= 2
= )

that gives the non-radiative deexcitation time 77" (its inverse k%" is the molecule-substrate
excitation transfer rate) in terms of the experimentally observed lifetime 7, and the in-

trinsic molecular lifetime 7.

In case of quartz, the rate turns out to be only A" =2.59 - 106571, The excitation
transfer time from the molecule to the substrate (75" =386ns) is almost hundred times

greater than the intrinsic molecular lifetime.

Since the molecule-substrate excitation transfer rate is appreciably shorter than the
intrinsic molecular fluorescence rate kg, the excited molecules decay almost only in a ra-
diative way; the presence of the quartz substrate does not affect substantially the deacti-
vation pathway of the excited molecules and therefore it is considered as a non-interacting

material.

In case of Si(111):H and MoS,, the calculated non-radiative transfer rate amounts to
=6.7-10°s"" and to k7, =39.7- 107 57, respectively about 40 and 160 times that
of the molecule deposited on quartz.

Substrate | 7, [ps] | b7 = 74 /70 [1073] | EP[-109s7'] | 77 [ps]
quartz 3910 989 2.59-1073 | 386-10°

Si(111):H | 145 37.9 6.7 150
MoS, <25 <6.3 > 39.7 <25.1

Ag(111) | <10 <25 > 99.8 <10

Tab. 4: Measured fluorescence lifetime 7,, fluorescence damping rate b;' and calcu-
lated molecule-substrate excitation transfer rate k" for MePTCDI on quartz,
Si(111):H and MoS,. The values for Ag(111) [43] are given in comparison.
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The experimental value of 7, and some related quantities are listed in tab.4, where
the (extrapolated) value of monomer lifetime on Ag(111) substrate [43] is reported in

comparison, too.

The presence of the substrate, beside a decrease of molecular fluorescence lifetime
induces a decrease of fluorescence quantum yield, too. The quantum yield of fluorescence
(the ratio between emitted and absorbed photons) in presence of a substrate ®; can be
referred to that of the free MePTCDI molecule in dilute solution (@, =0.93, see§ 3.1)
by:

ko D, Ts

sol 7 ;. — :_Eb_l 3
ko + ko O, T )

¢, =9

where b, ! is the damping rate of fluorescence in presence of the substrate.

In the next sections, it is shown how the MePTCDI monomer fluorescence properties
change upon variation of the distance between isolated molecules and the semiconductor

substrate.
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Distance dependent molecule-substrate interaction on semicon-
ductors: spacer measurements

In the following sections, the distance dependent time resolved fluorescence measure-
ments of ultrathin MePTCDI molecular films (0.01 ML) deposited on the two semicon-
ductor substrates are considered (spacer measurements).

The spacer layer technique has been already used in § 3.4.1 to separate thin MePTCDI
films from MoS, substrate. There, the spacer thickness was kept constant (170 A), whereas
the thickness of the film deposited on it was progressively reduced; on the contrary, in
the following sections the spacer thickness is varied, whereas on the top of it an ultrathin
MePTCDI film of constant thickness (0.01 ML) is deposited.

All the following spacer-measurements were carried out in a similar way, differing only
the pre-treatments of substrate; for MoS,: cleaving and in—situ annealing, § 2.3.1; for
Si(111):H: wet chemical treatment (modified RCA-process, § 2.3.2).

4.2 Spacer measurements on MoS;

In this section the spacer measurements on MoS, are presented. All the samples have been
created exclusively using freshly prepared MoS, substrates; the experimental method to
obtain a defect free MoS, surface are described in § 2.3.1. The spacer of solid argon is con-
densed following the process reported in § 2.1.3. The argon spacer has been preventively
annealed to minimize possible residual undulations of the spacer surface (§ 5.2). The
ultrathin (0.01 ML) MePTCDI film was finally deposited following the method described
in § 2.1.4.

Fluorescence spectra

Fig. 20 shows the distance dependent quasi-cw fluorescence spectra of 0.01 ML MePTCDI
films separated from a MoS, substrate by an argon spacer of variable thickness d;, in the
range [0-500 A; time interval [0—10ns], T=Ts=10K.

The spectra exhibit a typical monomer fluorescence that does not depend on the dis-
tance from the substrate and no monotonic shift in peak positions and shape can be
observed. Both at dy, =500 A as well as at direct contact with the substrate (dy, =0A),
only the fluorescence from isolated molecules can be detected. No red excimer-like emis-
sion appears.

Similarly to fig. 18, it is not possible to resolve completely the high energy emission
band because of the proximity of the laser excitation line (at 7 = 18796 ¢cm™").

Fluorescence transients
In contrast to negligible changes in fluorescence spectra, the fluorescence decays exhibit
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Fig. 20: In—situ distance dependent quasi-cw fluorescence spectra of ultrathin (0.01 ML)
MePTCDI films on MoS,, at T=Ts=10K. The distance is defined by a spacer
of solid argon of thickness dy, [0-500 A] indicated on the right side. The spectra
are normalized to their maxima, excitation at 7 =18796 cm™".

[0—10ns].

Time range
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a strong change upon spacer thickness reduction. Fig. 21 shows the distance dependent
[0-500 A] fluorescence decays, as measured at 7 = 17300 cm ™" in the time range [0—10ns].

S
5004 F
170/3\%—
140Aé-

90A

75A |
50A b i = =
30A |

0A

t [ns]

Fig. 21: In-situ distance dependent [0-500 A] fluorescence decays of ultrathin (0.01 ML)
MePTCDI films on MoS,, at T'=Ts=10K. The distance is defined by a spacer
of solid argon whose thickness d,, is indicated on the left side. Excitation at
7 =18796 cm™!, detection at 7 =17300cm™!, time range [0—10ns]. Fitting
mono- and bi-exponential (see p. 58).

In tab. 5 the observed monomer lifetime (7,55) and the normalized lifetime (a=b""=
Tobs/To, With 79 =3950ps, lifetime in solution) are tabulated as a function of the argon
spacer thickness dg,.

Upon decreasing the molecule-substrate distance from 500 A down to the direct contact,
the observed MePTCDI fluorescence lifetime (as drawn out by a mono- and bi-exponential
fitting of the experimental decay curves, see below) exhibits a more than two orders of
magnitude shortening.
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dsp [A] Tobs [PS] | & [%]

0 <25 0.6
35 6] 1.9
30 220 0.6
5 510 12.9
90 880 22.3

140 1730 43.8
170 1790 45.3
500 3860 97.7

Tab. 5: MePTCDI monomer fluorescence lifetime (7,) and normalized lifetime
(a=Tes/T0) as measured on freshly cleaved MoS, substrate for different ar-
gon spacer thicknesses (dgp). Average values drawn out from mono- and bi-
exponential fitting of fluorescence transients (see p. 58).

In particular, whereas the molecular fluorescence lifetime on the top of a 500 A thick
spacer (75004 = 3860 ps) is of the same order of magnitude of that of molecule in solution,
the fluorescence at d,, =0A (direct contact) exhibits (as already shown in § 4.1, fig. 19)
a decay hardly distinguishable from the system response function (794 < 25ps).

As at 0.01 ML intra-layer transport and trapping phenomena are excluded, the fluore-
scence lifetime shortening has to be completely ascribed to an effective excitation transfer
to the substrate.

If the observed molecular fluorescence lifetime (7,) is plotted versus the argon thick-
ness dsp, the shortening effect as a function of the emitter-substrate distance is evidenced
(fig. 22). The strong dependence of 7,5 on the molecule-substrate distance is non-linear.
According to eq. 3 also the excitation transfer rate k7" varies non-linearly with the emitter-
substrate distance.

A quantitative description of these phenomena obtained by applying the theoretical
model described in chapter 6, will be given in the section dedicated to the discussion of
results on MoS;y (§ 8.3).

Origin of the residual non-exponentiality in fluorescence transients
The observed deviation of fluorescence transients from a mono-exponential behaviour (and
therefore the necessity, sometimes, to use a sum-of-exponentials (typically 2) function to
fit the decays) is essentially due to:

a) residual spacer undulation or roughness

b) orientation of MePTCDI molecules with respect to the substrate
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Fig. 22: MePTCDI monomer lifetime (7,) and normalized lifetime (a=7,5/7, with
To = 3950 ps, lifetime in solution) on MoS, as a function of argon spacer thickness
dsp, at T:TS =10K.

c) residual transfer inside the ultrathin molecular film (limited ‘isolated molecule’ con-
dition)

- The argon layer is actually planar, but only because a preparation process (see § 2.1.3)
to reduce the initial inhomogeneity has been carried out. In spite of this, a residual
undulation can still exist after the applied treatment. As explained in § 5.2, the residual
non planarity results in a deviation from mono-exponentiality of the fluorescence decay.

- Apart from the distance from the substrate, the fluorescence lifetime shortening effect
depends also on the relative orientation (see § 6.1) between molecule and substrate (i.e.
the effect is slightly different for parallel or perpendicular molecules). As the deposited
MePTCDI molecule can assume every orientation with respect to the substrate (even
if the flat lying and ‘on edge’ positions turn out to be the more probable, see § 8.3
and § 8.4), the observed fluorescence transient is a superposition of decays with slightly
different times, therefore non-monoexponential in nature.

- Finally, if the molecular coverage is only some percent higher than 0.01-0.02 ML, the
residual excitation transfer between the molecules inside the film causes a change in the
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statistic of the radiative decay of molecular excited state and once more a deviation from
an exact mono-exponential fluorescence decay behaviour [34,43].

4.3 Spacer measurements on Si(111):H

In this section the spacer measurements on Si(111):H are presented. The experimen-
tal method to obtain an inert, oxide-free, hydrogen-terminated silicon (111) surface is
reported in § 2.3.2. All the samples were prepared from freshly passivated silicon sub-
strates, chemically treated ex-situ (modified RCA-process) and immediately transferred
in UHV. The argon layer is prepared following the process described in § 2.1.3. The argon
spacer was annealed to minimize possible residual spacer surface undulations (see § 5.2).
The ultrathin (0.01 ML) MePTCDI film was deposited as described in § 2.1.4.

Details on the samples

As a substrate, 5 x 5mm samples cut from a Si(111) wafer (Wacker-Chemitronic) were
used, with the following properties : n-type doping (phosphor), room temperature resis-
tivity p=(1.05—1.95) Q-cm, dopant concentration Np 4 = (2—4) - 10" em™3, crystal thick-
ness # =505 um. These values, in particular that of resistivity, were chosen to permit a
direct comparison with the precedent experimental research in our group. The substrate
resistivity however is not a key-parameter in the molecule-substrate interaction.

In fact, as assessed in a precedent study on Si(111):H [43] the electric conduction prop-
erties of the silicon substrate have no effect on the molecule-substrate interaction phe-
nomena and therefore on the fluorescence lifetime of an electronically excited MePTCDI
molecule. In particular, temperature dependent molecular fluorescence lifetime measure-
ments of films directly deposited on Si(111):H show no change in fluorescence decays upon
a temperature change from T'=10K to T'=200K, corresponding to a change of silicon
conductivity of a number of orders of magnitude. The molecular fluorescence lifetime
shortening effect does not appear therefore to be related to the carrier density inside the

semiconductor.

Fluorescence spectra

Fig. 23 shows the distance-dependent quasi-cw fluorescence spectra of ultrathin films
separated from a Si(111):H substrate by a variable thickness argon spacer in the range
[0-130 A]; time interval [0—10ns], T=Ts=10K. The high-energy fluorescence band is
only partially detectable because too close to the excitation line. As already observed on
MoSs, also in films deposited on silicon the spectra exhibit a pure monomer fluorescence
whose position and shape does not depend on the distance from the substrate. Both at
dsp =130 A as well as at direct contact with the substrate (dsp=0 A), only the fluorescence
from isolated molecules can be detected without excimer-like emission. Moreover, the
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Fig. 23: In—situ distance dependent quasi-cw fluorescence spectra of ultrathin (0.01 ML)
MePTCDI films on freshly prepared Si(111):H, at T=Ts=10K. The distance
is defined by a spacer of solid argon, whose thickness d;, [0-130 A] is indi-
cated on the right. The spectra are normalized to their maxima, excitation
at v =18796 cm~'. Time range [0—10ns].

Peak positions of the vibrational structure visible in the fluorescence spectra:
7 =18230cm™', 17440 cm™1, 17215cm™~!, 16040 cm~! and 15800 cm ™.

spectra exhibit a strong vibrational substructure, whose peak positions are given in the
caption of fig. 23.

Fluorescence transients

Fig. 24 and Fig. 25 show (with and without offsetting of the curves) the distance dependent
[0-130 A] fluorescence decays as measured at 7 = 18400 cm ! in the time range [0—10ns].

Similarly to the case of MoSsy also on Si(111):H, beside a negligible change in fluo-
rescence spectra, the fluorescence decays exhibit a pronounced shortening upon spacer
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Fig. 24: In-situ distance dependent fluorescence decays of ultrathin (0.01 ML) MePTCDI
films on Si(111):H, at T=Ts=10K, for d,, in the range [0-130 A]. Excitation
at 7 =18796cm™", detection at 7 =18400cm™', time range [0—10ns]. The

decays are normalized to their maxima.

thickness reduction.

The MePTCDI fluorescence lifetime shortening effect measured on Si(111):H is however
not as strong as that observed on MoS, (sligthly more than one order of magnitude on
with respect to more than two orders of magnitude on MoS,). Furthermore, in contrast
to the MoS, case, even on thin argon spacer (dg, < 15A) the observed fluorescence decay
is still well above the system detection limit.

Upon decreasing the spacer thickness from 130 A to 0 A, a shortening of ~ 30 times in
MePTCDI monomer lifetime can be drawn out by the fitting of fluorescence decays.

In tab. 6 the monomer lifetime (7,s) and normalized lifetime (a=7,s/7, with
70 =3950 ps, lifetime in solution) of the films deposited on Si(111):H are tabulated as
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Fig. 25: Same fluorescence decays of fig. 24 plotted without vertical offset to evidence
the progressive fastening in fluorescence decay upon reduction of the spacer

thickness.

dsp [A] Tobs [PS] | a [%0]

145 3.6

4 257 7.0

20 840 21.3

35 1175 29.7

50 1460 37.0

90 1935 49.0

130 2205 55.8

Tab. 6: MePTCDI monomer lifetime (7,5) and normalized lifetime (a=7,,s/7) as mea-
sured on Si(111):H for different argon spacer thickness (d,,). Average values
drawn out from mono- and bi-exponential fitting of fluorescence transients (see
p. 58).
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Fig. 26: MePTCDI monomer lifetime (7,) and normalized lifetime (a=7,5/7) on

Si(111):H as a function of the argon spacer thickness d;,, at T=Ts=10K.
Same x and y scales as in fig. 22.

a function of argon spacer thickness d,.

In Fig. 26 the distance dependent MePTCDI fluorescence lifetime is plotted versus dj,
in semilogarithmic scale to evidence the shortening at distances d;, below 50 A. The x
and y scales are the same as in fig. 22 and permit a direct comparison between the effect
on Si(111):H and on MoS,.

In the case of Si(111):H the fluorescence lifetime shortening exhibits a dependence on
the spacer thickness different from that observed on MoS,. In particular, whereas on
silicon this effect is remarkable only below 50 A spacer thickness, on MoS, already below
120-130 A spacer thickness the lifetime shortening is more than 50%.

A quantitative description of these experimental results obtained by applying the theo-
retical model described in chapter 6 will be given in the section dedicated to the discussion
of results on Si(111):H (§ 8.4).
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Sample treatments and their effect on film fluore-

scence properties

The measurements on MoSs and on Si(111):H described in the last chapter were based on
use of always new, freshly prepared substrates and on optimized experimental procedures.
A great number of other measurements has been however carried out to study what kind
of effect have the treatments applied to the substrate surface and to the argon layer on
the fluorescence properties of the ultrathin MePTCDI films deposited on top.

While the use of the MoS, substrate does not give particular problems, various aspects
have to be taken into account by using Si(111). As pointed out in § 2.3.3, the necessary
condition for a correct estimation of the actual distance between the MePTCDI molecules
and the bare Si(111) substrate is the removal of the oxide layer naturally grown on the
surface.

The wet chemical process (RCA-modified method, see§ 2.3.2) used to prepare the
Si(111) substrate does result in a complete oxide layer removal from the surface. How-
ever, the price to pay for this is an enhanced reactivity of the surface due to the un-
saturated free (dangling) silicon bonds that are created [54]. For this reason the last
step of the preparation is the passivation of the free bonds by means of hydrogen atoms
(H-passivation).

Nevertheless, differently from the naturally grown oxide layer the H-passivation layer
is unstable (especially upon annealing at 7' > 200 °C of the sample) and the possibility of
loosing part of hydrogen atoms does exist also under normal experimental conditions.

The lost of hydrogen atoms causes the enhancing of silicon surfacial reactivity that
usually results in its ‘contamination’ through the binding on the surface of molecules and
residual gas atoms.

In § 5.1, the effects of the annealing applied to passivated silicon substrates (7 ~
200—450°C) are analysed. In particular in § 5.1.1, the effect of the presence of adsorbed
molecules on the Si(111) surface (result of a contamination, consequence of the annealing
treatment) is studied by time resolved fluorescence techniques. Successively, in § 5.1.2
silicon surfaces with adsorbed molecules on it are used as substrate for a series of distance-
dependent measurements; the effect of the presence of bound-to-the-surface MePTCDI
molecules on the fluorescence properties of a molecular film deposited at a distance dj, is
exemplified and discussed.

The section § 5.2 is dedicated to a different (but related to the precedent) aspect:
the analysis of the effects of a treatment consisting in a slight warming up of the system
(substrate/spacer/molecules) up to ~ 70 K. The MePTCDI molecular fluorescence is used
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in this case as a sensor to monitor the change of thickness of the argon spacer on which
the molecules are deposited.

5.1 Si(111), surfacial reactivity and adsorption of MePTCDI

molecules

During the experiments on Si(111), it has been an open question if it was somehow
possible to ‘regenerate’ the substrate after each measurement session by flushing away
any deposited organic molecule from the surface. The advantage would be that the
substrate remains permanently under well controlled UHV conditions and the average
level of contaminants could be kept very low 7.

Differently from the case of metals, using silicon as substrate the chemical passivation
treatment needs to be carried out (ex-situ) to obtain a suitable surface for the present
scopes (see § 2.3.2). After the first low-temperature experimental run (argon spacer con-
densation and organic film deposition), the surface cannot be however easily ‘flushed’
just by annealing the sample above the MePTCDI desorption temperature, because the
H-termination becomes unstable and many silicon atoms loose their hydrogen atom. It
has been observed as the loosing of H atoms starts already at 7'=280°C and it is practi-
cally completed at T'=450°C [54,113,114]. As a consequence, the surface acquires again
all its strong reactivity because of the presence of newly free dangling bonds.

In the following section, it is experimentally shown and discussed how, upon annealing
of the silicon substrate, organic molecules can be captured and strictly bound in chemically
active trapping centers localized in the unsaturated bonds of the surface.

5.1.1 MePTCDI adsorption on Si(111) surface

In the course of the present work, it has been found that if instead of a fresh one, the same
Si(111) substrate is used for further depositions after an annealing treatment (6—12 hours
at Tynn =450°C, in—situ) and a new experimental run is carried out, both fluorescence
spectra and transients exhibit evident modifications with respect to what observed on
freshly passivated substrates.

Molecular films successively deposited on such substrates exhibit (1) a very weak
monomeric fluorescence spectrum, slightly deformed and with sharp peaks superimposed
to the three typical broad emission bands, (2) the fluorescence transients are very fast
and strongly non-exponential.

3 Any metallic single crystal can be re-used upon a treatment consisting in an annealing at T =450 °C
to desorb the majority of deposited organic molecules, followed by diverse sputtering-annealing cy-
cles within preparation chamber; after this treatment, the metallic substrate presents a reconstructed
surface, regular and nearly contaminant free [58,112].
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These two experimental findings are interpreted as the result of a contamination of
the silicon surface, consequent the annealing treatment. The hypothesis is that upon
annealing the surface partially looses its passivation and its reactivity is enhanced.

In the next paragraphs, it is studied how the observed change of fluorescence properties
can be ascribed to the chemical binding of MePTCDI molecules on the reactive centers
of Si(111) surface.

a) Preparation of a reactive test-Si(111)-surface

To study the effect of the existence of a chemical bond between the molecules and the
reactive silicon surface on the fluorescence properties of MePTCDI, time resolved fluo-
rescence measurements have been carried out on molecular films directly deposited on
Si(111) substrates characterized by incomplete passivation. In these substrates a number
of unsaturated dangling bonds make the surface reactive.

A partially reactive Si(111) surface (‘test-substrate’) was obtained by annealing
(12 hours long) in—situ at 7'=400°C a freshly-passivated silicon sample. At this tem-
perature nearly all the passivating H atoms are desorbed [54,113] and the surface ac-
quires great chemical reactivity. Successively, the MePTCDI molecules are deposited (at
Ts=10K) on it, following the procedure described in § 2.1.4.

b) Fluorescence spectra of MePTCDI molecules adsorbed on reactive Si(111)
Fig. 27 shows (A) the fluorescence spectrum of a 0.01 ML MePTCDI film directly de-
posited on the reactive Si(111) test-substrate as collected in the time interval [0—200 ps |
after the excitation pulse rise, in comparison to (B) a low temperature, substrate-
independent ordinary fluorescence spectrum of a 0.01 ML MePTCDI film measured in

the same time interval.

When the MePTCDI molecules are deposited directly on the reactive silicon test sur-
face, the observed fluorescence spectrum strictly reminds what is normally observed us-
ing a re-used Si(111) substrate. This confirms that upon sample annealing, the conse-
quent ‘contamination’ of its surface happens mainly through the capture of MePTCDI
molecules ¥ by its surfacial free bonds. Further, the integrity of the MePTCDI molecule
on the surface cannot at this stage be proofed.

Nevertheless, on the base of previous researches concerning the binding properties of
large perylene derivatives on Si(111) (see p. 25 and references therein), it is possible
to represent the ‘contaminated’ silicon surface as covered by a random distribution of
immobilized MePTCDI molecules, distorted in their external chemical bonds, with a
percentage of coverage estimated from deposition parameters to be below 0.05 ML.

K hut contributions from any other molecule in the UHV chamber are not excluded
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Fig. 27: A) In-situ fluorescence spectrum of ultrathin (0.01 ML) MePTCDI film directly
deposited on reactive Si(111) in the time interval [0—200ps]| after the exci-
tation pulse rise. The spectra generally exhibit narrow lines overlapping to a
broad band structure. In comparison B), prototype of substrate-independent
fluorescence spectrum of 0.01 ML MePTCDI film, measured in the same time
interval. The inset shows the region around 7 =17400cm™': the lines in A)
are ~20cm™" blue-shifted with respect to the substructure in B). See text for

details. T=T¢=10K. Excitation at 7 = 18796 cm .
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The two spectra of fig. 27 can be so commented:

A) when a 0.01 ML MePTCDI film is deposited on a reactive Si(111) substrate, its
fluorescence spectrum consists of two components: a broad one and series of lines. The
broad features, owing to the similarity with the spectrum in B, are interpreted as monomer
fluorescence, whereas the series of narrow lines has the following characteristics:

- The sharp lines Si; and Sty are related to bulk silicon substrate: they are visible
in the emission spectra of the bare silicon substrate (passivated or not) without
MePTCDI molecules deposited on, under strong excitation condition.

- The remaining peaks (a—d§) are visible exclusively in fluorescence spectra of
MePTCDI film deposited on a reactive silicon surface.

The fluorescence transients, as measured both at the position of the broad features and
at that of the sharp peaks, are indistinguishable from the system response function: in
both cases, the fluorescence lifetime is below the system time resolution.

B) when a 0.01 ML MePTCDI film is deposited on a well prepared substrate (indipen-
dently from the type of substrate), again two overlapping fluorescence components are
observed (broad and narrow bands), but with different characteristics with respect to
case A. In fact:

- The relative intensity of the narrow peaks with respect to the broad monomer
emission as well as their spectral position are substrate independent .

- The fluorescence decay related to the broad and the narrow bands does not present
difference and the correspondent fluorescence lifetime value depends on the substrate
type (as in fig. 19).

Further, from the comparison of the two spectra, as shown in the inset of fig. 27, the
a—¢ peaks in A) appear slightly blue-shifted (~20cm™!) with respect to that of B).

Although it was not possible to change the energy of the excitation line
(Veze =18796 cm ™), the ratio between the intensity of the line (S7;) at v =18275cm ™! as
measured in two successive time intervals ([0—240ps| and [240—980 ps]) is in agreement
with the ratio between the integrated number of incoming photons in these two time in-
tervals. This suggests the origin of all the lines is related to scattering phenomena. As the
excitation energy (7 = 18796 cm™') is located just ~ 100 cm ™" below the maximum of low-
temperature absorption of MePTCDI ultrathin film (estimated at v =18890cm ™! [43])
resonant Raman scattering can take place in the molecule and Raman lines are expected
to appear overlapped to the fluorescence spectrum; under these conditions the Raman
scattering cross section is predicted to be increased by a factor up to 10® [115]. The
experimental findings can be therefore interpreted as follows.

& Measurements with the same results were carried out on Ag(111), Si(111), MoS, and quartz.
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—MePTCDI backbone vibrations and assignment of the features in fig. 27.A
The fluorescence spectra can be described by the superposition of a broad monomeric
fluorescence originating from isolated MePTCDI molecules and Raman scattering lines
both from the substrate and from the organic molecules deposited on it.

The two lines Si; and Sis, present also on the bare Si(111) substrate, are as-
signed to phonon modes of silicon crystal. In particular, the dominating feature
at about 7 =18275cm™" corresponds to the Transverse Optical (TO) phonon mode
(Av ~520cm™") of the bulk silicon [116] [117].

The intensity of this line depends on the detection geometry and it is negligible in
presence of strong monomer fluorescence. The second sharp line (Sis, at 7 =17830cm 1)
is related to overtones and combinations of various low energies optical phonons [118].

Beside these two strong lines, a number of other Raman peaks are visible in the re-
gion Av =1300—1600cm !, between 7 =17500cm ! and 7 =17000cm . This range
of energies is known to be the Raman scattering ‘fingerprint’ of the perylene derivatives,
according to measurements carried out on thin films [119-122] and on single crystals [123].

In several perylene derivatives (i.e. PTCDA, MePTCDI, PTCDI, PTCDS), the influ-
ence of the heteroatoms on the optical properties and on the vibrational modes is generally
found to be small [78]. In particular, the main vibrations (basically in-plane stretching and
bending modes) are those of the perylene core; for this reason it is reasonable to describe
the observed lines in term of experimental Raman modes of the MePTCDI molecule [94]
and of theoretical analysis generally valid for all the perylene derivatives.

Due to symmetry restrictions (MePTCDI belongs to Dy, symmetry point group), as
already observed on PTCDA [123,124], only fully symmetric A, vibrations of the molecule
are supposed to be active in the resonant Raman process involving transitions between

the highest occupied and the lowest unoccupied molecular orbital [120].

Making use of the results of density-functional tight-binding calculations of molecular
dynamics originally applied to PTCDA [120], it possible to assign the two intense Raman
lines Av =1306 cm™! (a) and Av =1386cm ™! () to molecular vibrational modes con-
taining a large contribution of C—H in-plane bending elongations. The strong peak at
A =1596cm™" () is assigned to modes with dominant contribution of C—C vibrations
located at the perylene core. Further, the weak feature at A ~1790cm™! is assigned
to C=0 vibrations (breathing mode). The spectral positions of the lines, the distance in

wavenumbers from the excitation and the proposed assignment are summarized in Tab. 7.

Moreover, the high Raman intensity can be on one hand tentatively explained as a
substrate-induced ‘chemically enhanced’ scattering phenomenon (enhancing of scattering
cross section by a factor of 10 to 100 are possible in presence of new electronic states
due to adsorbate-substrate bonding interactions [115,125]), on the other hand just as
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v AV = Upge — U Exp. Raman modes

[em™!] [cm™!] and proposed assignment
Sty | 18275 521 Si: 519, TO phonon mode (bulk)
Siy | 17830 966 Si: 930-985, overtones of opt. modes
a | 17490 1306 1301, C—H (in plane bending)
B | 17410 1386 1380, C—H (in plane bending)
v | 17200 1596 1570, 1587 C—C (stretching)
o 16190 2606 2 x A, (1303)

Tab. 7: Spectral position of Raman lines in fig. 27, distance from the excitation (at
v =18796 cm 1), experimental Raman modes of MePTCDI [94] and proposed
assignment following [94, 120].

the result of a favourable scattering configuration, under strong sample illumination, in

resonance conditions and in presence of a very weak monomer fluorescence.

—Ordinary vibronic structure of MePTCDI fluorescence spectra (fig. 27.B)
The substructure in fluorescence spectrum B) is ordinarily observed in all MePTCDI
fluorescence spectra and is substrate independent. It exhibits a time dependence typical
of the S; emitting state of the MePTCDI molecule and it has to be interpreted as a
vibronic progression built on the molecular ground state Sy. Also in emission, the coupled
vibrational modes are the A, total-symmetric in-plane stretching and bending modes of
the molecule. The small energy red-shift (Av ~20cm™!) of vibronic substructure with
respect to the Raman lines is accounted by the relative position of the emitting S; state
with respect to the excitation energy, to which the Raman lines are referred.

The bottom of the emitting band is therefore estimated to 7 = 18796-20 ~ 18775 cm™*;
the main active modes are Av =1306cm !, Av =1386cm !, Av =1596cm !, whereas
the modes Av =569cm™!, Av =542cm™! and Av =221cm™! [126,127] are also often
observed.

c) Fluorescence transients of MePTCDI molecules adsorbed on reactive
Si(111)

The deposited molecules have a fast fluorescence dynamics: after 245 ps from the rise of
the excitation pulse the monomer fluorescence is already disappeared and the fluorescence
lifetime lies consequently below the system time resolution (below 25 ps). This value has
to be compared with a value of 7 =145ps as measured in case of a film deposited on
freshly passivated silicon surfaces (§ 4.3).

The molecules directly deposited on a reactive silicon surface exhibit thus a further
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shortening of the observed lifetime with respect to the case of molecules deposited on
freshly passivated silicon surfaces.

The further reduction of the electronically excited states lifetime is deeply connected
with the formation of new bonds between MePTCDI molecules and silicon that influence
drastically the deactivation pathways of the organic molecule and the fate of the optically
created excitations.

5.1.2 Spacer measurements on Si(111) in presence of adsorbed molecules

To answer the question whether adsorbed MePTCDI molecules bound on the silicon
substrate can perturb the fluorescence dynamics of other electronically excited MePTCDI
molecules lying at a distance d,, from this surface, a series of argon-spacer measurements
has been carried out depositing (at T'=Ts=10K) ultrathin MePTCDI films at various
distances from reacted Si(111) surfaces. The studied system is shown in fig. 28.

0.01ML film

I Ar spacer
. Adsorbed

Fig. 28: Experimental configuration used in the described spacer measurements; instead

of a freshly passivated silicon surface, a Si(111) substrate on which lie adsorbed
MePTCDI molecules is used.

Both the argon condensation and the deposition of MePTCDI molecules follow the
sample preparation method already described earlier, being the only difference the use of
a silicon surface with MePTCDI molecules adsorbed on it.

Distance dependent fluorescence transients

Fig. 29 shows the distance dependent [0-130 A] fluorescence transients of ultrathin
MePTCDI films deposited on Si(111) substrates on which MePTCDI molecules are ad-
sorbed, as detected at v =17300cm ™!, time range [0—10ns].

The fluorescence decay curves are strongly nonexponential. Two decay components
with different time constant are observed: a dominant fast one, spacer thickness inde-
pendent, with a time constant at system detection limit and a delayed one, strongly
spacer dependent, that varies more than 2 orders of magnitude when the spacer thick-
ness decreases from 130 A to 0 A. This latter component can be fitted by a mono- or a
biexponential decay curve.
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Fig. 29: In-situ distance dependent fluorescence decays of ultrathin MePTCDI films on
Si(111) surface with adsorbed MePTCDI molecules, at T =Tgs=10K. The dis-
tance is fixed by means of solid argon spacer, whose thickness dg, [0-130 A] is in-
dicated on the left. Excitation at 7 = 18796 cm ™", detection at ¥ =17300cm™",
time range [0—10ns]. The decays are normalized to their maxima. Fitting:
multiexponential with a fixed time component (7~ 35 ps); see text for details.

The relative fluorescence spectra, as measured inside an early time interval ([0—800 ps |
after the excitation pulse) or in a delayed one (t>1.5ns), do not present substantial
differences and exhibit monomeric character (apart from the presence of strong Raman
lines in the early time interval). This ensures that also the short fluorescence component
is a real monomer fluorescence signal, without, for example, any stray light contribution.
The fluorescence decay curves have been fitted by a multiexponential fitting keeping fix
the fast time component (35ps). If only the remaining decay component (that varies
with the spacer) is plotted versus the argon thickness d,,, the dependence is that shown
in fig. 30; the x and y scale is the same as in fig. 22 and fig. 26 to permit a direct

comparison.
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Fig. 30: (Filled diamonds) — MePTCDI monomer lifetime (7,5s) and normalized lifetime
(a="Tups/70) in (0.01 ML) films spacer-separated from Si(111) surfaces with ad-
sorbates as a function of the argon spacer thickness dy,, at T'=Ts=10K. After
multiexponential fitting of the decays in fig. 29 only the longer living (distance-
dependent) component is here plotted as a function of dj,.

(Hollow squares) — MePTCDI monomer lifetime as measured on freshly passi-
vated Si(111):H (data as in fig. 26), plotted in comparison.

Discussion of the spacer measurements on Si(111) surface with adsorbates

In presence of adsorbed MePTCDI molecules on the silicon surface, the optical properties
of the whole system [MePTCDI film + spacer + Si(111)] are affected. The experimental
results can be interpreted as follows.

The time resolved fluorescence spectra are the result of the superposition of two fluore-
scence components: 1) the fluorescence from adsorbed molecules (see fig. 28), character-
ized by a fast dynamics due to the direct contact with the substrate and 2) the fluorescence
originating from the non-interacting molecules deposited on the argon spacer surface, at
a distance dy, from the silicon surface.

The fluorescence transients exhibit (consequently) two different decay regimes: a fast
one, associated to the fluorescence dynamics of the adsorbate MePTCDI molecules (and
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for this reason spacer thickness independent) and a slow one, distance dependent, related
to the excitation dynamic of MePTCDI molecules at distance d;, from silicon surface.

Noticeably, this latter does not follow the distance dependence of films deposited on
fresh-passivated Si(111) substrate (fig. 30), being the monomer fluorescence shortening
more pronounced on contaminated silicon surfaces. This enhanced monomer fluorescence
lifetime shortening effect at the various spacer thicknesses can be nevertheless phenomeno-
logically accounted for by considering a further distance-dependent deactivation channel
beside the ordinary molecule-substrate pathway described in § 4.3.

The origin of this further lifetime shortening is to search in the existence of a non-
radiative excitation transfer channel between the MePTCDI molecules deposited on top
of argon-spacer and the adsorbated molecules on the silicon surface.

— 0.01ML film
2 %,
o \@ I Ar space
. Adsorbed
S(lll) + molecules

Fig. 31: Proposed deactivation pathways for electronically excited MePTCDI molecules
deposited at a distance dy, from a Si(111) substrate contaminated by adsorbed
molecules: beside the non-radiative molecule-substrate excitation transfer chan-
nel (1), a further pathway (2) (form MePTCDI molecules to adsorbates and from
here to the substrate) opens in presence of contaminants. As a result, a further

shortening in molecular fluorescence lifetime is observed at every distance dj,.

The favoured face-to-face orientation ! of the molecules and the average distance be-
tween the molecules across the spacer layer (of the same order of magnitude of the Forster
radius, estimated to be Ry~ 50A at 0.01 ML coverage [43]) make possible, in competi-
tion to the non-radiative energy transfer from the molecules on top of the argon layer
directly to the substrate (fig. 31, (1)), an efficient excitation migration from these to the
adsorbates and from here to the substrate (fig. 31, (2)).

If kprs is the rate of the direct excitation transfer from the molecule (on the spacer) to
the substrate (1) and kg is the radiative rate in absence of the substrate, the excitation
transfer rate k4 through the molecule — adsorbate — substrate deactivation channel (2)
can be estimated by the observed fluorescence lifetime as measured on substrates without

! The hypothesis on this mutual orientation of the molecules is based on the comparison between exper-
imental data and expectation values according to the theoretical model, as explained in § 8.4.
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adsorbates (T,ps = kops ') and with adsorbates (7/,, = k' 71). It follows that:

obs obs

kobs = ko + ks

!

obs — ko + kMS + kMA

and therefore 1 1
kMA — k;bs - kobs = - — (4)

Tobs Tobs

The numerical value of the transfer rate kj;4 is estimated to be k4 =0.04-107s™" at
d,, =130 A and kpr4=31.6-10s7" at d,, = 15 A; it corresponds to 74 = k., = 24.81s
and 31.6 ps, respectively. This second deactivation channel turns out to be extremely effi-
cient at short molecule-substrate separation, becoming the dominating excitation transfer
pathway below 70 A.
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5.2 MePTCDI fluorescence as a sensor to monitor the argon
layer planarity

In chapter 4, the distance-dependent time resolved fluorescence measurements have been
presented under the basic assumption that the spacer layer was: 1) rigid, 2) perfectly
planar and 3) stable in time and that the molecules were fixed on its top.

Actually, the argon layer preparation method used during the measurements (i.e. pro-
gressive annealing of the spacer as described in § 2.1.3) ensures that these three requisites
were fulfilled and no remarkable change in fluorescence spectrum or transient was noticed

up to a number of hours after the deposition on the film.

It is however known in literature (e.g. from XPS measurements carried out on PTCDA
on xenon spacer [128]) and by precedent researches of our group (anthracene on solid
nitrogen [34] and MePTCDI on argon [43]) how both a) molecule rearrangement on the
top of the spacer layer and b) sinking of the molecules inside the spacer can take place,
depending essentially on the chosen experimental conditions. In the present case, if a
clustering of MePTCDI molecules on the argon surface at T'=10K can be excluded
(differently from what observed for anthracene), their sinking by diffusion inside the layer
cannot be excluded a priori.

Moreover, during this research it was found that also the argon layer can be critically
affected by the preparation conditions: in particular the spacer can be noncompletely
flat. Since the fluorescence lifetime of the molecules deposited on the spacer depends
dramatically on the distance from the substrate, also little non-planarity of the argon
surface has appreciable effects on their fluorescence transients, because different isolated
molecules are located at different distances from the substrate as sketched in fig. 32.

Isolated
molecules

Non planar
Ar-spacer

Substrate

Fig. 32: Effect of the undulation of argon spacer: the MePTCDI molecules are mutu-
ally not interacting, but their distance from the substrate is distributed. Each
molecule experiences a different substrate-induced lifetime shortening.
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Scope of this section is the analysis of the argon spacer structure. The characteristics
of the spacer are studied by using the fluorescence of the MePTCDI film deposited on
top as a sensing tool:

In (1), an ‘untreated’ sample (MePTCDI /argon spacer/Substrate) is considered, i.e. a
system based on a freshly prepared substrate, a not further treated argon spacer and a
film of MePTCDI molecules deposited on top.

In (2), the annealing of the system is considered: after condensation of the argon spacer
and the deposition of the molecular film, the sample temperature is raised up to 70 K to
monitor, through the change of the fluorescence properties of the film deposited on top,
the evolution of the argon spacer.

(1) — Non-processed (MePTCDI/argon spacer/Substrate) system

The effects related to the original inhomogeneity of the argon layer are studied in the
following way: the argon layer has been deposited at 7'=10K on a freshly prepared MoS,
substrate and not further annealed; an ultrathin MePTCDI film has been successively
deposited and studied by time resolved fluorescence spectroscopy.

Fluorescence spectra and transients
Fig. 33.A shows the quasi-cw fluorescence spectrum of a (0.01 ML) MePTCDI film sep-
arated by a 300 A thick argon layer from a freshly cleaved MoS, substrate at T'=Tg =10 K.

Fig. 33.B shows the corresponding fluorescence decay as detected at 7 = 17380 cm™!,

upon excitation at 7 =18796cm™!. The fluorescence decay is strongly non-
monoexponential and faster than the fluorescence decay of an equivalent film deposited
on a flat argon spacer of comparable thickness (fig. 21).

Fig. 33.C shows the fluorescence spectra as collected in three different time intervals
after the excitation pulse: fast:[-20:120 ps], medium: [120:610 ps], slow: [1880:7980 ps].

The quasi-cw fluorescence has monomeric character without any excimer-like low en-
ergy emission component; this ensures that on the top of the argon layer the molecules
are non-interacting. The corresponding fluorescence decay (fig. 33.B) exhibits however a
strong non-monoexponentiality; nevertheless, time resolved spectrum reveals no apparent

change in shape also at different delay times after the excitation pulse (fig. 33.C).

Discussion of the results obtained on a non-processed system

This experimental findings can be easily explained as follows: if no annealing process is
applied to the argon layer, it is rigid, but not flat; MePTCDI molecules are successively
deposited on it: they are mutually non-interacting and each of them, when electronically
excited, decays exponentially with a monomeric fluorescence spectrum. Nevertheless,
because of the lack of argon flatness, it does not exist one well defined molecule-substrate
distance, but a distribution of distances. According to its distance from the substrate each
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Fig. 33: The effect of argon spacer inhomogeneity on time resolved fluorescence of ultra-
thin (0.01 ML) MePTCDI film separated by means of a 300 A thick, not further
annealed argon layer from a freshly cleaved MoS, substrate at T'=Ts =10 K.
A):quasi-cw fluorescence spectrum; B):fluorescence decay as detected at
v =17380cm™"; C): fluorescence spectrum in three different time intervals af-
ter the excitation pulse (at 7 =18796cm™'). 1In this particular configura-
tion, because of argon inhomogeneity, it is possible to have a strong non-
monoexponential fluorescence decay even with a pure monomeric fluorescence

in all the considered time intervals. See text for details.
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molecule experiences a different lifetime shortening effect. As a consequence, the observed
fluorescence transient is a superposition of contributions characterized by different decay
times and it appears non-monoexponential. On the contrary, the fluorescence spectrum
does not change appreciably, since the emitting states belong to isolated molecules.

Furthermore, the presence of a substrate-independent vibronic substructure with peaks
at 7 =17215cm™" and 7 =17440cm™" (dotted lines in fig. 33.A—C) ensures that the
molecules did not sink into the argon layer. If this would be the case, a loss of the
substructure in the fluorescence spectrum should be observed. This aspect is pointed
out in detail in the next subsection where, as a further step, the effects on the system
(MePTCDI /argon spacer/Substrate) induced by a slight annealing are studied through
the analysis of the variation of fluorescence properties of the molecular film deposited on
top of the spacer.

( 2 ) — Effect of the annealing of (MePTCDI/argon spacer/Substrate) system
Time resolved fluorescence spectroscopy can be used to study the settling process of the
spacer upon slight annealing of the whole sample.

Starting from a distribution of MePTCDI molecules deposited at T'=Ts=10K above
a spacer condensed on a generic interacting substrate and increasing progressively the
temperature of the sample from T'=10K to T'=40K, radical changes in fluorescence
spectra and decays can be observed.

Actually, although the argon layer is rigid and stable at T=10K, a raising of the
temperature will induce mainly ‘softening’ and settling of the layer. According to the dif-
ferent initial configurations of the (MePTCDI /argon spacer/Substrate) system, different
responses have been found.

a.) Annealing of systems with flat spacer

As precedently experimented in our group, if the argon layer is initially homogeneous and
flat, upon warming up of the sample the spacer becomes soft and the molecules on the top
of the argon layer tend to sink inside the condensed spacer [43]. Their initially well defined
distance from the substrate becomes, due to a diffusion process, a distribution of distances.
As a consequence, the observed fluorescence dynamics changes from a monoexponential
decay to an overlap of exponential decays with slightly different times, depending on the
relative distance from the substrate of each molecule, thus to a multi-exponential curve
(fig. 34 and fig. 46 in [43]).

b.) Annealing of systems with undulated spacer

If the argon layer is not initially flat, it is not straightforward to predict what kind of
change can occur (upon warming of the sample) to the fluorescence properties of the
organic molecules deposited on it.
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Fig. 34: Effect of a slight annealing applied to a system

(MePTCDI /argon spacer/Substrate) initially homogeneous and flat. Upon
rising up of the temperature above the 40 K, the argon layer becomes soft and
the molecules sink inside; their distance from the substrate is not well defined.
Each molecule experiences a different substrate-induced lifetime shortening and

the fluorescence transient becomes a multi-exponential curve.

To study the effect of annealing in this particular case, a 35 A thick argon layer has
been evaporated at T=10K on a freshly prepared Si(111):H substrate and not further
annealed; successively, a 0.01 ML MePTCDI film has been deposited on it.

The sample has been successively warmed up and maintained for typically 5 minutes at
a target temperature. Afterwards it was cooled again down to 7'=10 K in order to avoid
further uncontrolled layer modifications. The fluorescence decays and spectra have been
then measured. Measurements were carried out immediately after the film deposition
(without treatment) and after an annealing at 30K, 40 K and 70 K.

Fig. 35 shows the fluorescence spectra of the system (0.01 ML /35A Ar /Si(111):H) as
measured in the interval [ 0—240 ps] immediately after the deposition and upon annealing
to the indicated target temperatures. Fig. 36 shows the fluorescence transients of the same

sample, as measured at 7 = 18500 cm 1.

It can be observed that:

— An annealing of the sample up to 25 K—30 K does not result in any variation both
in fluorescence spectra and transients: up to this temperature the argon layer is
thus supposed to be stable.

— Upon 5 minutes annealing at higher temperature (40K) a number of changes can
be observed:
in fluorescence spectra (fig. 35):

- Increase (up to 2 times) of fluorescence intensity.
- Fluorescence intensity redistribution on different vibrational components (com-
pare white and grey curves between 16500 cm ! and 17500 ¢cm™1)
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Fig. 35: (0.01 ML /35A Ar/Si(111):H): fluorescence spectra as measured in the range
[0—240ps]| directly after deposition and after annealing at different target
temperatures. Excitation at 7 =18796cm~!. The spectra are normalized
to the maximum of silicon Raman line ‘R’ at 7 =18275c¢cm™" (mode TO,
Av =521 cm™!, see tab. 7) to evidence the progressive increasing of fluorescence
intensity upon annealing, under constant illumination geometry and excitation
conditions. The main vibronic modes are indicated by letters and arrows. See
text for details.

in fluorescence transients (fig. 36):

- A sensible ‘straightening’ in decay form (i.e. the decay curves tend to become
more and more monoexponential)
- An appreciable fastening of fluorescence decay
— Upon further 5 minutes annealing at higher temperature (70 K), a still higher fluo-
rescence intensity is observed (up to 4 times), whereas only further minimal changes
are measured both in fluorescence spectrum (fig. 35, black curve) and fluorescence
decays; in particular, no drastic further lifetime shortening is observed.
— Upon still longer annealing at higher temperature induces negligible variations in
fluorescence spectra, but a ‘bending’ in fluorescence transients is observed. They

tend to become again non monoexponential.
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Fig. 36: Changes in MePTCDI fluorescence decays as measured at 7 = 18500 cm™! di-
rectly after deposition and after annealing at different target temperatures. The
decays are normalized to their maxima and vertically shifted for clarity, exci-
tation at 7 = 18796 cm !, Fitting multiexponential. The ‘straightening’ effect

and fastening in time behaviour are the results of annealing at a temperature
higher than 40 K.

Argon spacer annealing: discussion of results
The experimental findings can be explained making use of the precedent observations and
by the knowledge on the argon layer properties.

Immediately after the deposition, as not further thermally treated, the argon spacer
at T'=10K is rigid, but not flat. The MePTCDI molecules are successively deposited
on the top of the spacer; the distance of this 0.01 ML organic film from the substrate is
not well defined and shows a distribution of distances. For this reason the fluorescence
spectrum has monomeric character (the emitters are mutually non-interacting), but the
fluorescence decay curves are strongly non-monoexponential (fig. 36, ‘as deposited’): the
measured fluorescence transients are actually the superposition of fluorescence dynamics
with different decay times, since MePT'CDI molecules lying at various distances from the
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substrate experience different fluorescence lifetime shortening effect.

By warming up the system (0.01 ML /35A Ar /Si(111):H) at temperatures lower than
~ 30K, only negligible changes happen in the argon spacer and almost no changes in
the measured fluorescence properties of the organic film deposited on top (fig. 36, second
decay from below).

But at a higher annealing temperature (35 K—40K) the condensed argon atom layer
starts to settle and to flatten. As a result, the amplitude of argon surface undulation
decreases, whereas the overlying MePTCDI molecules (big with respect to the Ar atoms)
initially do not sink completely (see below) but are supposed to follow the variations of
the argon surface (fig. 37).

NV e 3\ } T~ N
’ d d
AT E -
Asdeposited Annealed above 40K

Fig. 37: Effect of a slight annealing applied to a system
(MePTCDI /argon spacer/Substrate) initially inhomogeneous.  Rising up
the temperature above the 40 K, the argon layer starts to settle: the amplitude
A of its inhomogeneity decreases (down to A’). Upon longer annealing the
average distance d of the molecules from the substrate starts to decrease, too
(down to d’) as a result of argon wetting; consequently, the fluorescence decay
becomes more monoexponential and the measured fluorescence lifetime shorter.
See text for details.

- The fluorescence transients

On one hand, this would explain the straightening in fluorescence decay curves: upon ar-
gon layer settling the amplitude A of the distribution of distances decreases, the MePTCDI
molecules arrange to a similar distance from the substrate: they experience a similar
substrate-induced lifetime shortening effect and the fluorescence decay becomes statisti-

cally more monoexponential.

On the other hand, this explains the shortening in measured molecular fluorescence
lifetime upon annealing, too: because of the layer settling and argon atoms wetting the
average distance d between the MePTCDI molecules and the substrate slightly decreases;
the interaction with the substrate becomes stronger and therefore the observed molecular
fluorescence lifetime becomes shorter.

Comparing the fluorescence decay times drawn out from the transients in fig. 26 with
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those measured on a planar argon spacer of equal thickness (fig. 26), it is possible to
estimate the order of magnitude of the spacer inhomogeneity before and after the anneal-
ing. The spacer has been condensed with a nominal thickness of 35 A. When not further
treated, the thickness is found to vary between 45 A and 30 A, corresponding to a varia-
tion of £25-30%. After 5 minutes annealing at 40 K, such amplitude variation reduced to
+5-10%, whereas the average distance from the substrate decreases to ~ 30 A.

According to the crystallographic parameters of argon (cubic close-packed (fcc) crystal
structure, near-neighbour distance 3.76 A, lattice parameter of the cubic cell 5.31 A) [129],
the effect previously described involves a small number of argon monolayers: only 2 or
3 on ~ 10 in the case of ds, =35 A this means that, within this distance range, already
a thickness variation of few single argon layers induces an appreciable effect on the fluo-
rescence dynamics of the MePTCDI molecules deposited on top, which can be optically
detected.

- The fluorescence spectra

Changes in fluorescence spectra (fig. 35) upon annealing were precedently observed [43]
and explained as follows: the annealing of the sample induces sinking of the MePTCDI
molecules into the argon layer and consequently a polarization effect generated by the
argon atoms around the MePTCDI molecules; this effect was claimed to result in a
lowering of the molecular electronically excited state and therefore in red-shift (in the
order of ~200cm™") of the whole emission spectrum.

On the base of the present experimental data and following the proposed assignment of
MePTCDI vibrational modes active in molecular fluorescence (tab. 7), we tend to inter-
pret the change in fluorescence spectra as the result of a different balancing of intensity
among the vibrational substructures in emission. In particular, it has been observed that
the rising edge of the second emission band at 7 =17570cm ! (fig. 35) is annealing in-
dependent (no red-shift is observed) and this is in contrast to the hypothesis of a general
shift of fluorescence spectrum.

On the contrary, it seems more plausible to describe the change in fluorescence
spectra as the result of a loss of intensity by the components (c¢)7 =17470cm™" and
(d) 7 =17390 cm™", with respect to those (a) 7 =17180c¢cm™" and (b) 7 =17000cm™" in
fig. 35.

Following the proposed assignment, these fluorescence components are associated to
transitions to total symmetric vibrational levels of the molecular ground state (Sg): (a)
C—C (stretching mode), (b) C=0 (breathing mode), (¢) and (d) C—H (in plane bending
mode).

Upon annealing, only the vibronic coupling with C—H molecular bending modes looses
intensity. By excluding symmetry reasons for that, it means that these particular ground
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state vibrational modes are perturbed by the physical changes which affect the MePTCDI
molecules and their environment when the sample temperature is rised above the 40 K;
being the sinking of molecules the more evident effect of the rise of the temperature, it
is highly probable that the diffusion process (that starts at 40 K) of MePTCDI through
the spacer atoms disturbs mainly the free vibration modes localized at the perimeter of
molecule (like C—H modes) with respect to those localize inside the perylene core (espe-
cially C—C) [120]. A general loss of fluorescence substructure has to be thus considered

as an indirect evidence of molecular sinking phenomena.

Finally, the fluorescence intensity increase normally observed as a result of the anneal-
ing of the sample has to be related to the molecular reorganization on top of the argon
layer: starting from a random 3D angular distribution, the MePTCDI molecules tend to
acquire a flat lying position on the spacer. This favours on one side a better excitation
condition (the absorption transition moment lies along the long molecular axis [43,98])
and on the other side the fluorescence intensity increases since, as it will be seen in chap-
ter 6, the non-radiative interaction with the substrate is less effective for molecules that
lye parallel to the substrate.

Argon spacer annealing: summary of the results
In conclusion:

- Under standard experimental conditions, the argon layer turns out to be solid and
no sinking of molecules can be noticed.

- Immediately after the deposition, without other further treatments the argon layer
appears inhomogeneous (especially for thin layer). The homogeneity can be however
effectively increased in a controlled way by annealing the layer (at 25 K—30K),
before the deposition of the organic film.

- Upon sample (molecule+spacer+substrate) annealing a number of effects have been
observed using the time resolved fluorescence of the deposited molecular film as a
sensing tool:

a) if the spacer is originally homogeneous and flat, the annealing induces sinking of the
molecules, broadening of fluorescence spectra and non-monoexponential fluorescence
decays.

b) if the spacer isn’t originally flat, the annealing results in a settling of the spacer and
it is observed: 1.) straightening of fluorescence decay curves (related to the decreases
of argon undulation amplitude), 2.) fluorescence lifetime shortening (related to the
approaching of molecules to the substrate), 3.) fluorescence intensity increasing.
Upon stronger annealing the molecules sink further into the argon layer.



6 Classical model of molecular emission in proximity

of interfaces

In this and in the next chapter, the theoretical background necessary to the analysis of
the experimental results is elaborated starting from the original macroscopic approach to
describe the molecule-substrate interaction worked out, in the frame of classical electro-
dynamic, by Chance, Prock and Silbey in early "70s (‘CPS model’).

In § 6.1 the CPS model is briefly introduced and the general expression for the damping
constant b, the rate of the excitation transfer from an electronically excited molecule to a
substrate at a distance d, is obtained starting from macroscopic quantities of the system
(the dielectric function £(w) of the materials).

In § 6.2, on the basis of this formulation, the predicted molecular fluorescence lifetime
shortening (7 = 7,/b) is numerically calculated in its distance dependence for various
orientations of the molecule with respect to the substrate, choosing a metallic substrate
Ag and an argon spacer as reference case.

The CPS model offers however only a macroscopic treatment of the problem: if for
large molecule-substrate separations the observed fluorescence lifetime modulation is ad-
equately explained in terms of interference phenomena (fig. 39), in the short distance
domain the model offers no microscopical explanation about the interaction mechanism
that gives origin to the strong excitation transfer between molecule and substrate (fig. 39,
inset).

In the next chapter (§ 7) the interaction mechanism dominant in the near-field range
is analyzed: both metallic and semiconductor substrates are explicitly taken into account
and the differences addressed to the different nature of the solids.

6.1 The CPS model: general aspects

The lifetime 7 of an electronically excited molecule at a distance d from a flat surface of
a solid is drastically affected by the presence of the substrate.

The CPS model (extensively reviewed in [11]) describes the system as follows. The
molecule (fig. 38) is treated as a harmonic point-dipole with dipole moment p embed-
ded in a non absorbing medium 1 at a distance d from a substrate (medium 2), uniquely
characterized by its complex dielectric function eq(w) :

£1 = €] and ey =ej+i-gy . (5)

The CPS model extends the Kuhn’s approach [10] to the problem, requiring the cal-
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Fig. 38: Sketch of the system considered in the CPS model: the harmonic point oscillator
represents the electronically excited molecule that radiates in a lossless medium 1
(e1) at a distance d from a infinite half-space (the substrate, medium 2) charac-
terized by a complex dielectric function e5(w).

culation of the molecular field reflected from the substrate at the dipole position 2.

The equation of motion of the molecular dipole (considered as a harmonic forced and
damped oscillating charge) can be written as:

2
. . e
,u+bgu+w§,u:EER (6)

where Ej is the reflected field at the position of the dipole, wq is the natural oscillation
frequency of the undamped dipole, m is the effective mass of the dipole and by is the
dipole decay rate (inverse lifetime) in absence of the interface (proper damping constant).

The dipole moment y oscillates at the same complex frequency of reflected field E,, so:

o=t e—i(wo—I—Aw)te—bt/?

ER — EO e—i(wo—I—Aw)te—bt/Q (7)
Here, Aw indicates the shift from resonance frequency and b (without index ‘0’) the
damping constant in presence of the substrate.

The problem is reduced to that of the driven harmonic oscillator, where the external
driving force originates from the reflected radiation field of the emitting dipole. Substi-

2 A second equivalent approach (based on the energy-flux method [12]) permits further to separate the
radiative and non radiative lifetime components.
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tuting into eq. 6 and noting that b* < w2 and (e*/uym)Ey < wj, we have:

b2 e?
Aw = 0 S EEE— Re(Eo)
Swo 2 pemwy
2 ®
e
b=2> — Im(F,
0+2,uomw0 m( 0)

Therefore it is sufficient to evaluate the reflected field at dipole position to solve the
problem. From the two expressions (8), it also turns out that the damping rate and the
frequency shift in presence of a substrate are related to the out-of-phase and in-phase
components respectively of the reflected field. The frequency shift Aw is found to be
always negligible [130] and it will not be considered in the following.

The damping rate without substrate by is composed of a radiative contribution b, and
a nonradiative one b,, (thermal deactivation). Introducing the classical expression for
b, [10]:

bO — br + bnr
b — 26 k3 (9)
"7 3muwen?
where n; = /g is the refractive index of the medium containing the dipole and

ki is the propagation constant (k; = wny/c) and defining further the quantum yield of
the emitting state without substrate ®q = b, /bo, it is possible to write the normalized

damping rate b in a form convenient for numerical calculations:

3 (DO n%
b() 2 Mo ]{):f

Tm(E,) . (10)

This quantity is directly related to the measured fluorescence lifetime 7:

T
_> a JR—

= (11)

To

where 7q is the intrinsic lifetime of the molecule (without interaction with the substrate)
and a indicates the normalized lifetime.

The problem is now reduced to estimate the reflected electric field at the position of
the dipole. Following Sommerfeld [131], the Hertz’s vectors notation is used in cylindrical
coordinates [11]; treating explicitly the case of dipole perpendicular (L) and parallel (]|)
to the surface, it is possible to calculate the complex quantities E,(L) and E,(]|) and
readily the relative damping constants b, and IS|‘.
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The integration variable u is the component of the dipole field wave vector in the plane
of the interface (k) scaled by the far-field wave vector k; of dipole radiation field in
medium 1:

u = km/kl

The Rl - are respectively the Fresnel reflection coefficients for incident rays polarized
parallel (R!|, p-polarized) and perpendicular (R*, s-polarized) to the plane of incidence:

L L= 1 I eily — e3ly

, Rl = 12— ~21 13
l1+12 61[2"’52[1 ( )

Finally /; and d are respectively a parameter (related to the wave vector component
perpendicular to the substrate) and the dipole-substrate distance, normalized to the dipole

wavelength inside medium 1.

. ) o /ET
L=—i 2 -2, d=kd = N1q = ”Agld (14)
C

€1

It should be noticed that the reflection coefficients are calculated for both real and com-
plex angles of incidence: this means that the waves are either propagating or evanescent

in nature.

An equivalent approach: the flux method

In the following section the general expression for the damping constant bis approximated
in short distances domain by an expression (eq. 15) where only the non-radiative inter-
action between molecule and substrate is taken into account. Nevertheless, in the classic
approach up to here followed, no way is given to distinguish among the various routes (i.e.
radiative, non-radiative) the molecules can deexcite through. Making use of an equivalent
approach (flux method) [12] to obtain the decay rate expression, it is possible to break
the integral of eq. 12 in two parts and identify the individual contributions corresponding
to different energy transfer mechanisms (this aspect will be extensively discussed on page
105).
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The value of the ratio u = k,/k; discriminates between these coupling mechanisms.
The integral over 0 <u <1 (k, < k) is related to the modification of the dipole decay rate
caused by coupling between emitter and radiative field, while the integral for 1 < u < oo
(ky > k1) represents the energy transfer through wave vectors in the plane of the interface
greater than the photon wave vector: these components are contained not in the radiative
field, but in the near field of the emitter and cause a transfer not mediated by photons
(non-radiative transfer). In this last case the excited dipole can actually couple to modes
having in plane of interface momentum greater than k; (as the Surface Plasmon Polariton
SPP, see pg. 100), modes that are not directly accessible to the incident plane waves.

In the next section, only the non-radiative contribution (integral for 1 < u < ©0)
will be considered in the approximated expression for the energy transfer rate b in short

distances domain.

6.2 Calculation of MePTCDI fluorescence lifetime on Ag

Eq. 12 are not analytical and they have to be numerically solved. The integration in
the complex plane has to be carefully performed in order to avoid singularities on or
near real axis. A number of computer programs (based on Runge-Kutta [132-134] and
Simpson-rule [134] methods) have been written to carry out the numerical computations
and calculate the curves shown in the following.

To exemplify, the explicit case of MePTCDI separated from a Ag substrate by means of
an argon spacer is considered. Fig. 39 shows the normalized lifetime a (according to eq. 11
and eq. 12) numerically calculated for MePTCDI molecule oriented either parallel (——)
or perpendicular (— — —) to the Ag surface, versus distance d. The following parameters
have been used: MePTCDI emission frequency 7 = 18775cm !, argon dielectric constant
£1(1.68;0.0), Ag dielectric constant £, (-10.6; 0.9) [135] and fluorescence quantum yield
d, = 0.93.

For a more detailed understanding of the result in fig. 39, it has to be considered that
the field around the oscillator (the molecule), embedded in a medium with constant 1,
consists of two components:

1.) the radiation field, that extends infinitely in the space around the emitter and obeys
the dispersion relation of the light (w=ck//c7)

2.) the near field, that contains a distribution of wave vectors k; of those, the components
with & > &y (k1 is the wave vector of far-field radiation) do not propagate into the far
field, are evanescent in nature, decays exponentially away from the emitter and does not
follow this relation.

For this reason, according to the distance d between emitter and solid surface, different
interaction mechanisms can take place (via radiation field or near field) leading to a
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Fig. 39: Normalized lifetime a (according to eq. 11 and eq. 12) numerically calculated
for excited dipole oriented either parallel (——) or perpendicular (———) to
the substrate surface, versus distance d[A]. The used parameters are those of
MePTCDI molecule on argon spacer on Ag(111) substrate. Inset: Same curves
plotted in log-log scale to emphasize the short distance domain; for distances
d<300A the normalized lifetime starts to fall because of an effective energy
transfer to the substrate. Within this distance domain, the model predicts an
approximated ~ d? functional dependence for a(d) (eq. 15 and eq. 11) that
results in a straight line with slope three in the log-log plot.

complicate distance dependence in the observed lifetime 7., because of modulations of

the emission properties of the electronically excited molecule.

As a consequence, if ) is the wavelength of the dipole radiation, the CPS model predicts
the existence of two ranges of distance d in which the behaviour of the emitter lifetime is

drastically different:

Far field (d ~ \) - (radiative interaction)
In this range the rate of radiative emission of the emitter is effectively modulated by its
own field, reflected by the solid surface. When the reflected field is in phase with the
source field, the emission is enhanced, thus reducing the emitter lifetime; when it is out
of phase the emission is suppressed, thus increasing the emitter lifetime. As a result the
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measured excited-state lifetime oscillates as a function of the distance from the surface.
This oscillation will be from now on referred to as ‘interference effect’.

Near field (d < \) - (non-radiative interaction)
At distance below about 300 A the excited-state lifetime begins to fall rapidly, since the
emitter near field effectively induces a non-radiative energy transfer to the surface via its

high wave vector components.

Near field approximation of damping constant b
In this distances range, it is possible to approximate analytically the only non-radiative
component (1 < u < o) in eq. 12 in the limit of small d (kyd = d < 1) [12]; this leads to:

- .5 Dy - O <6z—€1> —3
=T d—0 g 4 d3 €9+ €1 (15)

where © is a geometrical coefficient: ©® = 3/4 for parallel, © = 3/2 for perpendicular
and © = 1 for isotropic dipole, respectively.

The near-field damping function bpr is found to vary as d % in this region. In the
vicinity of a substrate, the excited-state lifetime is expected to exhibit a linear dependence
with slope three on the distance when plotted in log-log scale (fig. 39, inset) .

b From general dimensional reasons, such a dependence can be explained in terms of Férster type dipole-
dipole energy transfer [136]: this transfer is predicted to be proportional to the inverse of the sixth
power of the distance between two point dipoles. If a point dipole is above a solid, it will transfer
energy to a volume of point dipoles. The rate has to be integrated over a volume and the distance
dependence of transfer rate is reduced to cubic (~d =2 ). By the same reasoning one expects quartic
(~d~*) distance dependence for transfer to a surface or to a thin film.



7 Nature of the interaction mechanism in the near-

field range

In this chapter, the nature of the interaction mechanism for molecules placed in proximity
of a metal or a semiconductor is studied from a theoretical point of view and numerical

calculations are performed taking into account the specific physical parameters of solids.

A.) In § 7.1 metallic substrates are explicitly considered. The shortening of the

molecular fluorescence lifetime on a metal is quantitatively described in terms of coupling
between the molecular near field and the charge density waves on the metal surface.
The concept of surface plasmon polariton and its dispersion relation are introduced and
applied to the study of the system. Further, in § 7.2.1 the energy transfer rate parameter
f(w) as a function of the molecule emission energy is explicitly calculated for the case
of Ag. Successively, the importance to take into account (also on metals), beside the
contributions of free charges to the dielectric function, also those originating from the
interband transitions is pointed out. Their effect on the energy transfer rate predicted by
the CPS model are numerically exemplified in case of Ag.

In § 7.2.2 the power dissipated by the MePTCDI molecule as a function of the distance
d from the substrate is discussed and numerically calculated for Ag; various decay mech-
anisms (radiative, via coupling to surface plasmons and via interband transitions) and
their relative importance as a function of the distance between molecule and substrate
are discussed.

B.) In § 7.3 semiconductor substrates are explicitly considered. The possibility to

apply directly the theoretical approach developed for metals also to semiconductors will be
justified and the use of the classical model critically introduced. Since in semiconductors
the dielectric response is mainly contributed by transitions across the band gap, the
energy transfer rate will be quantified in terms of molecular near field induced electron-
hole pair generation in the solid. The results of application of the CPS model to MoS,
and Si(111):H semiconductors will be the focal point of the chapter 8.

Energy transfer rate parameter [
In the near-field range, the expression eq. 15 can be written as:

- _ (I)()@ 9 — &1
bpr = Bd 3 = I 16
g = 3 — B 4k§ m<52+51> (16)

with &k = %j\/a, the propagation constant. The functional dependence d =3 of bgr on
the distance is independent from the nature both of emitter and of substrate; in the
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short distance domain, keeping valid the initial assumptions of the model, the physical
properties of the system are accounted for in 3 [Cm3], the energy transfer rate parameter,

by the values of the dielectric function of medium 1 and medium 2.

7.1 Energy transfer to metals

Metallic substrates are now explicitly considered. To estimate the energy transfer rate
parameter [f(w) the value of the dielectric function e5(w) on the whole frequency range
has to be provided.

Independently from the nature of medium 2, it is worthwhile to try to approximate its
dielectric function by means of an analytical model function.

Drude’s dielectric function

In metals the dielectric behaviour results largely from collective excitations of the free
carriers. To derive the dielectric properties of metals, the plasma concept can be re-
ferred to: the free electrons of a metal are treated as an electron liquid of high density
(~10?2cm~?), while the interaction between electrons and the ion-lattice background is

taken into account by introducing an inverse collision (relaxation) time.

Starting from the equation of motion for the displacement of the electron gas relative
to the ion cores, it is possible to model a complex dielectric function (£p(w), Drude’s
dielectric function) in the form [129,137]:

w
=1-—2 17
en(w) w(w +1i0) (17)
or, separating real and imaginary part:
T . 7 (Ug . W:Z(S
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with 0 the inverse collision time and w,, the plasma frequency (a quantity depending only
on free carrier density n), defined as:
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where e is the electron charge, ¢y the dielectric constant of vacuum and m the mass of
charge carriers (here electron mass, m.). In eq. 17 £(oc), the value of ¢ in the limit of
high frequency, has been replaced for simplicity with 1 (approximation largely valid in
metals).

For weak damping (6 ~ 0, large collision time 7. = §7'), w, is the frequency at which
£(w) =0. At this frequency a collective longitudinal oscillation of free electron gas can be
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sustained by the material. Such oscillations of near free electron gas are known as plasma
oscillations. As in the case of a simple harmonic oscillator, the energy of plasma oscil-
lations can be quantized. The quantized entity is called plasmon. Since electromagnetic
waves are transverse in nature they can couple only to transverse excitations, but not to
longitudinal ones. Plasmons cannot therefore be directly excited by an electromagnetic
wave because of their longitudinal character (i.e. the displacement of electrons is parallel
to the direction of propagation).

Energy transfer rate in Drude’s approximation

It is now possible to calculate the dependence of energy transfer rate parameter 5 on
the frequency of the emitter, by inserting the model dielectric function (eq. 17) in the
expression for # (eq. 16). Formally, this is equivalent to examine the effect on /5 of change
of emitting molecule keeping fix the substrate, in the short distance domain. In the limit
for small § (7 — oo), with some algebra, it is possible to write:

2
wpwelé

TR (20)
(1+e1)? (“2_1+§1> T2
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According to this formula, § exhibits a strong resonance at w = w, /+/(1 4+ ¢&;) ; this
increase of transfer rate will be demonstrated in the following to correspond to the exci-
tation of a longitudinal surface wave of charge density that propagates along the interface
between medium 1 and medium 2 (the substrate). This surface wave is called surface
plasmon (SP) and its properties are derived as follows.

7.1.1 Derivation of Surface Plasmon resonance frequency

1.) From the differential wave equation, the dispersion law of a transverse electromagnetic
wave propagating inside a non-magnetic (4 = 1) medium with dielectric function &(w)
can be expressed as [138]:

E’c® = we(w) (21)

2.) Eq. 21 has to be modified when an abrupt change in space of the dielectric function
occurs, therefore in the presence of an interface (between medium 1 and medium 2). Start-
ing from Maxwell’s equations, with some mathematics (see, for example, Appendix I in
ref. [139]), it is possible to conclude that the presence of an interface implies the existence
of surface charge density waves described by the following dispersion relation:

o €1(w)&2(w)

81(&)) +62(w) (22)

E2c? = w

Where k, is the wave vector that characterizes the charge compression and rarefaction
along the surface.
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Dielectric:c.

Metal: ..-m

Fig. 40: Charges and field distribution of a surface plasmon travelling (parallel to the

x-axis) along the interface between a dielectric €; and a metal modelled as a
semi-infinite half-space z < 0 described by the dielectric function e9(w). The
field intensity (sketched on the right side) decays exponentially in the direction
z, inside and outside the surface (evanescent field).

The electric field lines associated to this longitudinal surface charge oscillation are
sketched in fig. 40. The frequency of these oscillations is tied to its wave vector k, by
the dispersion relation w(k,). These charge fluctuations can be localized within a length
of about 1A from the interface [139]. The associated electric field has the maximum
intensity on the plane z = 0, and is described by:

E = Efexp[+i(kyx +k,2—wt) = Ef exp[+i(ky x — wt)] exp(—|k| |2]) (23)
with + for 2 >0, — for 2 <0 and imaginary k,: this causes an exponential decay of field

amplitude (evanescent field) along z direction, inside and outside the surface.

Comparing eq. 21 (valid for bulk excitations) with eq. 22 (valid for surface excitations),
it is formally correct to define a ‘surface dielectric function’ e4(w):
£1(w) e2(w) 1 1 1

ea(w) = e1(w) + e2(w) - gs(w) - e1(w) + g9(w) (24)

From bulk dispersion relation eq. 21, the frequency of the bulk plasmon is obtained in
the limit £ — oo and it results defined by the pole in £(w). Similarly, the frequency wy of
the interface wave (for k, — oc) is the pole in £4(w): from eq. 24 the condition is:

62((4}3) = —sl(ws) (25)

Since eq. 22 is directly derived from Maxwell’s equations, it is valid to describe the
dispersion of any surface mode, depending the description of solid only on the choice of
dielectric function eq(w).
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In case of metals, Drude’s dielectric function eq. 17 can be once more used to approx-
imate e9(w). The frequency of surface mode is finally obtained in terms of &; (property
of medium 1) and w, (property of medium2). From eq. 17 and eq. 25, it turns out that,
in the limit of small 4:

w?

go(ws) =1— L2 =—¢ (26)

2
Wy

and hence, the frequency ws, of the surface mode (surface plasmon, SP) becomes

Wy
Wep = Wy = ———— 27
P \/1“—81 ( )

But this is exactly the frequency at which the energy transfer rate parameter (3 (eq. 20)
has a resonance. The result is this: the energy transfer rate parameter 3, derived by the
CPS model, is found to be maximal at the emitter frequency with the highest matching
with the resonance frequency ws, of the surface plasmon.

The mechanism of energy transfer from emitter to metallic substrate in the short distance
regime is therefore related to the possibility to excite surface charge density oscillations
by means of the emitter field.

However a coupling between emitter field and surface plasmon is possible only if energy
and momentum are simultaneously matched. Beside energy matching also wave vector k
matching has to be fulfilled. The excitation of surface modes by means of emitter field is
therefore strictly constrained by the dispersion relation, as shown in the following.

7.1.2 Coupling of molecular EM field with Surface Plasmons

When an electromagnetic field couples to a surface plasmon mode of the metal, the re-
sulting coupled mode is called surface plasmon polariton (SPP); its dispersion relation is
obtained as follows.

The dispersion relation of SPP
By inserting eq. 17 (Drude’s dielectric function) in eq. 22, the dispersion relation of surface

plasmon polaritons is obtained in terms of w, and &;:

2 2 2
ky = 2 ]2 p_ 2 (28)
c w1 +¢1) — w?

The dispersion curve is drawn as a solid curve in fig. 41. Since eq. 28 is a quadratic

2

equation in w?, for every value of k, there are two solutions in w? and the dispersion
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curve exhibits two branches. It is easy to show that for k, — 0 the lower branch (a)

approaches w = ck;/,/e1, whilst the upper branch (b) the constant value wy; on the other

side, for k, — oc , the upper branch approximates w = ck,/,/21, while the lower branch
the constant value ws, = w,/\/1+ €.
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Fig. 41: a,b: branches of the dispersion relation of plasmon polariton modes in a metal.

The surface plasmon dispersion curve (a) lies right of the ‘line of the light’ L1

(dispersion relation for the light in the medium 1 at grazing incidence): the mode

has therefore a longer wave vector than the light of the same energy hw propa-

gating along its surface and cannot be excited by these photons. Only evanescent

waves (dot-line curve, L3), with imaginary (perpendicular to surface)-wave vec-

tor k,, can effectively couple with the surface mode on the metal, because their

dispersion curve cross that of SPP at finite k,. But this is just the case of the

field around an excited molecule (near field): it is evanescent in nature and it

can therefore excite SPP in a metal when the emitter is brought to the vicinity

of the substrate surface fig. 42. See text for further details.

The two branches exhibit an ‘avoided crossing’ behaviour and approach only asymp-

totically the light dispersion relation curve inside the medium 1 (‘light line’, L1) drawn as

a dashed line for the case k, = 0, i.e. at grazing incidence.

Since the surface plasmon polariton dispersion curve (a) nowhere intersects the light

line L1 (even for grazing incidence), no external electromagnetic wave can excite this

polariton: energy and momentum cannot be simultaneously conserved.

Differently speaking, the SPP modes on a metallic surface cannot be directly excited
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by the light incident on the surface, because the component of the wave vector of the
light parallel to the surface is smaller than that of the surface plasmon polariton and the

requirement of momentum conservation is not satisfied.

Furthermore, if the incident beam is tilted toward the perpendicular (L2, k, # 0), it
intersects both the continuum of transverse bulk waves (the region with w? > w? 4 ¢*k2)
giving rise to normal refraction and the upper branch (b) of SPP dispersion curve. However
in this case the energy leaks immediately in the degenerate bulk modes and no excitation
of the surface mode is possible. Remarkably, in the range of frequencies between w, and
wgp no direct coupling with the external field is possible.

In conclusion, there is no angle of incidence for which a true (lower branch) surface
plasmon polariton can be excited by an external EM wave. The SPP dispersion curve lies
right of the light line: this surface mode is therefore a non-radiative mode and for this
reason is not involved in the theory of optical refraction.

The excited molecule as SPP exciter

The only way to permit a coupling between an EM wave and the surface polaritons is to
use waves with imaginary wave vector component in z-direction k, (so that (k,)? = —k?
in the argument of square root), therefore an evanescent field perpendicularly to the metal
surface. The dispersion relation of such a wave is visualized in fig. 41 by the line L3: this
line crosses the SPP dispersion curve and a coupling between evanescent field and surface
mode becomes possible.

An evanescent wave, nothing else than a particular solution of Maxwell’s equations, can
be experimentally obtained when the condition for light propagation is not satisfied, as in
devices (like prisms) used in total internal reflection technique (see, for example [140, and
reference therein]).

On microscopic scale, the field around an excited molecule is nevertheless evanescent
in nature. This field (near field), has an imaginary wave vector z-component, it decays
exponentially away from the emitter and therefore it can fulfil the wave vector matching
requirements for the excitation of surface modes on the metals.

Within the near-field distance range (i.e. d < 300A for MePTCDI), an excited
molecule can therefore non-radiatively excite a surface charge oscillation mode on the
metal by means of its evanescent field and in this way transfer effectively energy to the
substrate. This effect is sketched in fig. 42

The excitation of SPP in metals by the near field of the excited molecules in thin film
deposited in the vicinity of a metal surface has been experimentally confirmed by means
of momentum-matching techniques (like ATR, Attenuated Total Reflection), in a series
of experiments of Weber and Eagen [141] and Pockrand and Brillante [142].
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Fig. 42: At small distance from a metallic substrate, the near field of an excited molecule
can non-radiatively excite a SPP in the metal by means of its evanescent field
and in this way transfer effectively energy to the solid.

7.2 Calculations for MePTCDI on Ag in the near-field range

It is now possible to exemplify the theoretical approach up to now developed and to
calculate both the parameter of energy transfer rate [ as a function of emitter frequency
in the near-field distance domain and the dissipated power from the emitter as a function
of k,, the wave vector of emitted field projected on the surface. The two curves are shown
in Fig. 43 and Fig. 45, respectively.

A specific system is chosen for the calculations: the interface between a non-absorbing
medium (argon), on which an emitting dipole (the MePTCDI molecule) is deposited and
a metal (Ag(111)) used as a substrate. The emitter is placed at a near field distance from
the surface of the metal, so that the assumptions of eq. 16 are valid.

7.2.1 Calculation of the energy transfer rate parameter

Following eq. 16 and eq. 20 the energy transfer rate parameter [3(w) has been calculated
for energies of the dipole ranging from 2 to 10 eV, being the emitter separated by an argon
spacer with d < 100 A from the Ag(111) surface, whose properties are described either by
a model dielectric function or by an experimentally determined one.

In the first case, to calculate 3(w) the dielectric function of the metal has been analyt-
ically expressed by the Drude’s model (eq. 17) using the values w, =13.9- 10" rad/s [140]
(hwp, =9.14eV) and relaxation (collisional) time 7, =31-10"'"s [135], whereas the dielec-
tric constant of argon is valued £; =1.68. Real and imaginary part of Drude’s e(w) for
Ag are plotted as dashed lines in fig. A.1.

The so calculated 3(w) curve is plotted (in semi-log scale) as a black line in fig. 43. The
curve exhibits a strong resonance at iiw = 5.58 V. At this energy, the condition (eq. 27) for
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Fig. 43: (Black line) - Calculated energy transfer rate parameter (3, eq. 20) as a function

of the emitter energy when it is deposited on a non-absorbing medium (argon,
£1=1.68) at a distance d < 100 A from a metallic substrate (here, Ag(111)). The
dielectric function of the metal has been analytically expressed by a Drude’s di-
electric function (with hiw,=9.14eV, § =3.2-10"3s7! [135]). The curve exhibits
a strong resonance at hw = hw,, =15.58 eV, corresponding to the excitation of
the surface charge density oscillation mode (SPP) at the metal-dielectric inter-
face. The plasma resonance energy hw, is also indicated.

(Grey line) - [-curve calculated keeping into account the actual experimen-
tal values [135] of e(w) for silver. The position of the surface resonance peak
(hw = 3.56 eV) turns out to be strongly red-shifted because of the large contri-
bution to the dielectric function from the interband transitions in the metal.
The emission energy of MePTCDI molecule is indicated by an arrow.
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the resonant excitation of surface charge density oscillations (SPP) at the metal-dielectric
interface is fulfilled (w=w,, = w, /\/(1 +¢1)) and a strong energy transfer from emitter
to substrate is predicted to take place. Furthermore, the peak width is related to § (the
inverse electron collision time), becoming the FWHM smaller when 7, — oo (6 — 0,
limit for undamped electron gas).

Since a model dielectric function has been used (based exclusively on free electrons
contributions) a number of effects as, for example, contributions to £(w) coming from
interband transitions in the metal [135,143,144] are not taken into account. In Appendix
A, the Drude’s model dielectric function of silver is compared with the experimental
dielectric function to evidence how large can be the discrepancy between the two quantities
at energies above the interband transition in the metal.

Such a discrepancy in (w) is reflected in a complex way (through eq. 16) also in the form
that 5(w) assumes when the emitter energy is thought to scan the visible range across the
interband transition energy. In fact, if instead of a model function the actual experimental
values of the dielectric function are used, the features of (w) change drastically.

The grey line in fig. 43 shows the energy transfer rate parameter calculated using
the experimental values of (w) [135]. The curve exhibits a resonance, that can be still
partially described in terms of coupling to surface charge oscillations, but the position
of the peak (hw=3.56eV) turns out to be strongly red-shifted and the general shape of
the curve to be different. Responsible for that are the interband transitions in the metal
which induce a large modulation in the dielectric function, superimposed to the Drude’s
term (see Appendix A for a detailed discussion of this point).

From now on, where not differently indicated, only experimental dielectric functions
will be considered, in order to correctly estimate the expected value of energy transfer
rate.

This approach is useful since it permits to visualize and estimate how strong is the
energy transfer rate (once chosen spacer and substrate) at the emitting frequency of a

given excited molecule.

1) Energy transfer rate bgr value for MePTCDI at d=10 A from Ag

Fig. 43 plots the expected values of 3(w) for different emitter frequencies by supposing
to keep fix the substrate, the spacer and the distance between emitter and substrate
(d <100A). Since every molecule does emit at its own energy, the plot can be imagined
as representative of the effect of a particular configuration spacer/substrate when various
molecules are alternatively deposited on it.

The same figure shows clearly that in the case of the system MePTCDI /argon/Ag(111),
the molecular emission (indicated by an arrow) takes place at a nearly off-resonance energy
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with respect to the peak at 3.56eV: the energy transfer (and therefore the observed
molecular lifetime shortening) is nevertheless rather strong in absolute value.

In fact, the rate parameter amounts to Sy ~ 0.6-107% cm3. From (s defining equa-
tion (eq. 16), it holds: bpr = Ad™3; if d=10A (d=10""cm, d=3=10* cm~?), then
ber ~ 0.6 - 10718 . 102! ~ 600; since 7 = TO/EET, the measured fluorescence lifetime is ex-
pected to be shortened more than two orders of magnitude, when the molecule is brought
in proximity of the substrate.

2) Effect of changing the spacer type

Kept fixed the substrate and the emitting molecule, it is evident that the resonance
frequency wyy, is defined (eq. 27) by the value of ¢4, therefore by the choice of the medium 1,
in the present case the spacer. Different values of S at the molecule emission frequency
are therefore observed just by changing the type of spacer layer (for example using LiF,
ammonia, xenon or krypton instead of argon) on the same substrate, because of the change
of the position of the resonance peak.

3) Effect of changing the molecule

Changing the emitting molecule, its own emission energy Aw is different and therefore the
value of 3, too. In this way, different molecules experience different lifetime shortening
effects on the same spacer and substrate.

As an example, it is worthwhile to calculate the expected lifetime shortening when
various molecules are placed (by argon spacer) at a fixed distance (d=10A) from a silver
substrate. The molecule is supposed to be aligned parallel to the surface and possesses a

fluorescence quantum yield q. The value found for bgr has to be scaled with respect to
the quantum yield of MePTCDI molecule (¢ = 0.93 [43]).

When MePTCDI is deposited on silver, the total damping brr amounts to more than
two orders of magnitude. If, for example, instead of MePTCDI 3nr* pyrazine is considered
(fiw~3.3eV, Blw)~525[10""8em?]) at d=10A the damping is expected to be about
five thousand. On the contrary, by depositing *n7* biacetyle on silver (fiw ~2.29¢V,
B(w) ~0.58 [107'8 cm?])) a very similar effect to that on MePTCDI should be observed.

As a consequence (from eq. 16 and fig. 39, inset) upon change of the molecule, the
normalized lifetime model curve (a ~d?) is expected to shift down (more energy transfer)
or up (less energy transfer) depending on the § value.

7.2.2 Calculation of power dissipated by MePTCDI on Ag

The only energy matching is not a sufficient condition to have coupling between excited
molecules and the surface mode of the substrate: momentum matching is necessary, too.
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The excited dipole looses energy radiatively and non-radiatively and its emitted power is
distributed over a complete spectrum of wave vectors.

The essential value of the theoretical framework of the CPS model lies in the possibility
to examine where the power of the excited dipole is dissipated as a function of u = k,/k;
(with k, the dipole field wave vector in the plane of the substrate and k; the radiative
dipole far field wave vector in medium 1).

As originally discussed by CPS [11] and later by others [14,22,145] (and already briefly
pointed out at p. 90) the integral in eq. 12 can be broken down into various components:
the integral over 0 <wu <1 represents the modification of the dipole decay rate due to
coupling to the radiation field (the value of u dictates the direction of emission), whereas
the integration over the range 1 < u < oo represents the total energy transfer rate
through non-radiative loss mechanisms all having a wave vector greater than the photon

wave vector.

Fig. 44 helps to understand qualitatively the point. In far field the excited dipole does
radiate, within the medium 1, propagating plane waves with wavelength \ and propagation
vector (ki = 2m,/e1/\) with real z-component. Depending on the incidence angle, the
projection of this wave vector on the plane of the interface (k,) varies, but it cannot be
in any case bigger than k;. For the normalized wave vector u, it holds: u = (k;/k1) <1,
with sign equal only at grazing incidence.

The normalized wave vector values u associated to the radiative field of the dipole are
therefore in any case 0 <u < 1. The values u > 1 are associated exclusively to components
of the emitter field with wavelength shorter then that of radiation, i.e. to the near,
evanescent field components of dipole field.

Furthermore, in the near-field domain the emitter field contains not only one, but a
complete spectrum of wave vectors k; their projection k, on the interface forms also a
distribution of values. If the wave vector of SPP mode is matched by one of these, the
excitation of longitudinal charge oscillation on the surface takes efficiently place. Since
the SPP modes dissipate their energy within the solid (or also re-radiate), the net result
of this process is an effective energy transfer from the emitter to the substrate.

Fig. 45 shows the imaginary part of the integrand in eq. 12 in log-log scale. The
plotted quantity is directly related to the power dissipated by the emitter as a function
of the normalized wave vector u = k,/k; and it has been calculated for the case of a
perpendicular MePTCDI molecule, placed at various distances (d =0—600A) above a
silver surface by means of argon spacers.

The plot exhibits three key features, corresponding to three different ranges for u:
[ The region 0 <u <1 represents the modification of the radiative decay rate of the
dipole due to the presence of the surface.
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Fig. 44: Far away from the substrate the excited dipole does radiate, within the
medium 1, plane waves with wavelength A and propagation vector k; =
2m,/€1/A. Depending on the incidence angle, the projection of this wave vector
on the plane of the interface (k;) can assume all the values with k, < &y, with ‘=’

valid at grazing incidence. If u = (k,/k1), the 0 <u <1 are associated with the

radiative component of the emitter field. The surface plasmon polariton (SPP)
has a wave vector larger then every k, of photons: for this reason the SPP can

not be excited by the radiative field of the dipole.

IT The sharp spike at u ~ 1.09 is related to the strong increase in emitted power when
resonant coupling to the SPP eigenmode of the interface argon-silver occurs. Since
for this mode u > 1, the coupling to it can only occur via non-radiative components
of the emitter field.

ITT The region with u > 1, where a broad feature develops and increases rapidly in
strength as d falls. This additional non-radiative decay route represents the cou-
pling between the near field of the emitter to the interband transitions in the solid
with simultaneous scattering of the excited electron with phonons and impurities
of lattice [146]. These modes, called also ‘lossy modes’ (LM) [145], totally dissipate
their energy in scattering within the substrate.

So defined, the emitted power (unphysically) diverges at d =0 when u — 0o , whereas at
u = 1 the integrand function exhibits a singularity.

To put in evidence the correspondence between peak at u~ 1.09 (as numerically de-
rived from the CPS model) and the excitation of SPP on the interface argon-silver, it
is worthwhile to calculate the normalized wave vector ugp, at which the surface mode is
expected to resonate, keeping into account the actual interface parameter.

Making use of the dispersion relation of the electromagnetic wave in medium 1 (eq. 21)
and that of the mode on the interface (eq. 22) it is possible to express analytically usy,
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Fig. 45: Imaginary part of the integrand in eq. 12 (related to the power dissipated by

the emitting dipole) calculated as function of the normalized wave vector u =

k. /kq, for a perpendicular MePTCDI molecule located at various distances (d =

0—600 A, argon spacer) above a silver surface. The area under these curves

is proportional to the energy transfer rate from the excited molecule to the

substrate. The range 0 <u <1 represents the radiative contribution to decay

rate, the range 1 < u < oo the non-radiative contribution; the spike at u ~ 1.09

is caused by strong energy transfer via resonant coupling to the SPP mode at

the argon-silver interface. Furthermore, as the distance is shorter, proportionally

more important becomes the energy transfer through high wave vector (u > 1)

components. At d =0, so defined, the power diverges. Log-log plot.

as:

U . kspp . 1 ] £1&9 . £9
spp - -
kl \/€1 €1+ &9 g1+ &2

(29)

Using the values £, = 1.68 (argon) and 9 = —10.6+i 0.9 (silver) at MePTCDI molecule
emission energy, it turns out: u,,,=1.087, in agreement with the position of the peak as

numerically derived from the CPS model.
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7.2.3 Calculation of decay probability through the 3 competing mechanisms:
Rad, SPP and LM

It is possible to calculate which is the fraction of power dissipated by the dipole via
emission of photons (RAD), via SPP coupling and via lossy modes (LM) respectively, as

a function of the distance from the substrate.

The decay probabilities have been calculated for MePTCDI on Ag by scaling, with
respect to the total decay rate (eq. 12), the dissipated power (fig. 45) integrated on the
range 0 <u <1 (for RAD), on the range 1< u < (2usy, — 1) (for SPP, with Lorentzian
approximation of the peak) and on the range (2ug,, — 1) < u < oo (for LM).
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Fig. 46: Calculated relative (sum=1) decay probability (fraction of power dissipated) for
isotropically oriented MePTCDI molecules separated from a metal (Ag(111))
by an argon spacer, as a function of the distance d from the substrate. Three
main mechanisms contribute to the decay: via emission of photons (RAD), via
resonant excitation of SPP or via interband transitions (LM) in the substrate.

Two different x-scale ranges of the same plot are shown. See text for details.
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Fig. 46 shows (in two different distance ranges) the three relative contributes. The
change in importance of each of these decay route is plotted as a function of distance d
of the emitter from the surface. The plot can be analysed as follows.

At distances d comparable with the emission wavelength (d > 1500 A), the emission is
primarily into photons and the decay probability via radiative emission (RAD, continuous
line) is found to dominate on the other processes.

At distances of the order d =150—500, i.e., much larger than atomic dimensions but
less than the emission wavelength, energy transfer via surface plasmon polariton (SPP,
dashed line) becomes the predominant decay route.

At smaller values of d (d <100 A), the dissipation arises from non-resonant coupling
between the evanescent field associated with the near field of dipole and the solid. The
coupling between emitter and lossy modes (LM, dotted line) represents the most effective
intrinsic loss mechanism in the metal and it is found definitely to dominate the decay rate
at short distances.

Isotropically oriented dipoles exhibit a probability to decay in SPP equal to ~ 55% at
d ~ 250 A; nevertheless the SPP coupling probability can be very higher in some configu-
ration (> 90% for a perpendicular dipole). It is somewhat surprising that SPP coupling
is maximal away from the metal surface: the SPP coupling rate decreases exponentially
with increasing d and it should actually be maximum at zero distance. What observed
is a consequence of the competition between the SPP decay channel and the interband-
transition in the solid (LM). As the separation is reduced, this latter decay route propor-
tionally increases more rapidly and it becomes the dominant fraction of the whole decay.
The distance dependence of coupling between emitter and the SPPs was experimentally
confirmed [142] and a maximum coupling distance of approximately 200 A was found.

7.2.4 Removing the divergence of power dissipated at d=0A

The classical model is actually based on assumptions which lead to unphysical behaviour
at very small molecule-surface separations. Namely, as shown in fig. 45, both the energy
transfer rate and the dissipated power diverge for large u values (large k-vectors) as the
distance d approaches zero.

To describe the coupling between emitter to photons, which dominate at large distance
from the surface, the full retarded solution of Maxwell’s equations have to be used, but
the substrate can be treated in a simple local approximation (e(w) does not dependent
on k-vector) with a sufficient accuracy.

On the contrary, to describe the decay processes occurring at small distances from the
solid, a simplified quasi-static approximation for the electromagnetic fields can be used,
but a non-local solid response is required.
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By including (although a posteriori, taking the electron-electron interaction partially
into account) a k-vector dependence in dielectric constant £(w), this unphysical behaviour
can in any case be corrected [145, in particular § 3.2 therein]. In the ‘corrected’ model,
the metal is thought to absorb energy from the emitting dipole only when electrons below
Fermi level are excited to states above it. The excitation of an electron is possible only
when the momentum conservation condition is satisfied; once fixed the excitation energy,
the ‘excitable’ electrons are inside a thin shell in k-space, depending on kg (the Fermi
wave vector of the solid) and on the frequency of the emitter field.

If the emitter k-vector lies outside this range in k-space, the emitter incident field
cannot obey the momentum conservation condition for the electron-hole pair excitation
in the solid and hence no energy is transferred to the substrate. Taking into account the
k-vector dependence it is found that the dissipated power does not diverge anymore (as it
happens in fig. 45), but it exhibits a maximum at large u and then it goes to zero, because
with still higher k-vectors do not fulfil anymore the momentum matching condition.

By including the wave vector dependence of dielectric constant, the unphysical be-
haviour of classical theory can be therefore corrected.

In the following section, the possibility to extend the application of the classical model
to semiconductor solids will be discussed and in § 8.3 and § 8.4 the theory will be quantita-
tively applied to analyse the observed distance dependent lifetime-shortening of MePTCDI
molecules deposited on MoS, and Si(111):H.

7.3 Energy transfer to semiconductors

The theoretical approach followed up to here has been developed and exemplified by
considering exclusively metallic substrates. From eq. 6 to eq. 12, the effect of the pres-
ence of the substrate on the emission properties of an electronically excited molecule is
schematically accounted for as follows:
- The molecular emitting dipole field incident on the solid is partially reflected and
partially absorbed according to the value of the complex dielectric function e(w).
- The reflected fields are appropriately summed to give the electric field at the position
of the emitting dipole.
- The modified lifetime of the emitting state in presence of the substrate is directly
related to the imaginary part of the electric field at the emitting dipole (eq. 10).

Within this classical model the energy transfer to the substrate is taken into account
phenomenologically, by describing the solid by its dielectric function £(w), without any
microscopic description of the material.

In the short distance approximation, the decay rate bgr exhibits a d =3 dependence
(eq. 15). This functional dependence is independent of the nature of the solid, depending
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the lifetime shortening effect only on e(w).

The fact that the classical model predicts, beside oscillations in observed emitter life-
time, also a drastic lifetime-shortening in the small distance domain implies that the
quenching mechanism is entirely described by the dielectric function of the
solid.

It is thus formally correct to apply the CPS model also to the study of the interaction
between excited molecules and a semiconductor, making use of the appropriate dielectric
function to describe the solid €.

7.3.1 Limits of application of the classical model to semiconductors

By extending the classic model to semiconductors, it is still possible to maintain a large
correspondence with the approach earlier developed. Starting from the expression for the
energy transfer rate bpr valid in short-distance domain (eq. 15), the energy dissipation
can be still described in terms of resonant excitation of surface modes.

As dispersion relation of these surface modes (now on the semiconductor surface) eq. 22
can be immediately adopted, since this formula was directly derived from Maxwell’s equa-
tions in presence of a interface (without reference to solid structure).

Further, in order to describe the dielectric properties of the semiconductor (as the n-
type doped silicon presently used), it is still consequent to introduce the Drude model
and the Drude dielectric function (eq. 17) 9, since free carriers usually introduced into
semiconductors by doping behave in may ways like those in simple metals [138].

As shown for the metals, the energy transfer rate can be successively expressed in terms
of excitation of surface charge density oscillations (SPP) (eq. 20, eq. 27 and fig. 43), whose
frequency wy, is related with the physics of the solid through the plasma frequency value
wp (eq. 27). The plasma frequency is defined as in eq. 19 and it depends only on the free
carrier density n.

But, whereas in a metal the carrier concentration is on the order of n~ 10%2cm™3

and the corresponding plasmon energies are on the order of 8—10eV, in a semiconductor
the density of free electrons in the conduction band amounts to n~10"cm ™3 and the
corresponding plasmon energies (and consequently surface plasmon energies ws,) are in
the range of 10—30meV, therefore in the Infra-Red (IR) region of the spectrum.

¢ A complete non-local treatment is required to describe correctly the energy transfer to semiconductor
substrates [13], but at least formally the application of the classical model to non-metallic solid is
however possible.

dIn reality the best approximation for the dielectric function of a doped semiconductor is given in terms
of a component Drude-like that takes quantitatively into account the free carrier density and of a
component of harmonic oscillator where the resonance frequency is the frequency wro of the transverse
optical bulk phonon [71]; this simplification does not influence however the result.
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For molecules that emit in the visible range (as MePTCDI) there is no
possibility to couple to modes so far in energy and consequently the energy
transfer is expected to be very low.

7.3.2 Interband transition contributions in semiconductors: use of realistic
dielectric function

As seen in the case of Ag (Appendix A.1), the free electron dielectric function is useful
in describing the properties of the solid only when the emitter photon energy lies below
the threshold for the onset of any interband transition. Above this threshold the form of
£(w) (and most of all the form of Im(e(w))) depends almost exclusively on the specific
band structure of the material.

The observation (fig. 43) that even on metallic substrates as Ag the description of
the solid uniquely by the Drude’s model fails and that the interband transitions must be
taken into account in e(w) to permit reliable quantitative analysis of the energy transfer
rate does justify the possibility to extend to semiconductors the methods and the ideas
developed for metals.

In fact, in semiconductors (particularly in UV-Vis spectral range) the dielectric re-
sponse is almost exclusively contributed by bound electrons and by the band structure
of the electronic states in the crystal lattice. Thus, the direct application of the
classical model to semiconductors is still justified on condition that the actual
dielectric function of the solid is used in the calculations.

7.3.3 Numerical calculations for MePTCDI on semiconductors

The expected energy transfer rate parameter 5(w) and the dissipated power have been
numerically calculated in the case of MePTCDI deposited both on MoS, and Si(111):H
substrates, keeping into account the experimental value of dielectric function of these
materials. The spacer dependent measurements have been successively analysed by the
light of these calculations. The results will be shown and discussed in § 8.3 and § 8.4.
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Organization of the chapter

In this section, the low-temperature in—situ time resolved fluorescence measurements car-
ried out on ultrathin (0.01 ML) MePTCDI film deposited on semiconductor substrates
are quantitatively analysed.

In particular, the results of the measurements on structures formed by isolated organic
molecules, deposited on argon spacer of well defined thickness, condensed on inorganic
semiconductor substrates are discussed.

The non-radiative interaction mechanism between electronically excited MePTCDI
molecules and MoS, or Si(111):H substrates and its dependence on the molecule-substrate
distance is analysed by applying the CPS theoretical model.

The chapter is organized as follows:

— § 8.1 is a summary of the essential aspects of the experimental approach followed
during the research and of the main results.

— In § 8.2 the criteria for application of the CPS model to semiconductors are revisited,
the physical quantities used in the calculations are introduced and the method
commented.

— In § 8.3— 8.4 the experimental results are quantitatively discussed in the framework
of the CPS model:

- CPS and MePTCDI on MoS, (§ 8.3)
- CPS and MePTCDI on Si(111):H (§ 8.4)
1) The calculated fluorescence lifetime shortening curves are compared with

the experimental data.

2) The plot of the frequency dependent energy transfer rate parameter 5(w) is
calculated starting from the experimental values of the dielectric function
of MoSy and Si(111):H respectively.

3) The plot of the power dissipated by the electronically excited molecule
in proximity of the semiconductor surface is calculated for a number of
different emitter-substrate distances.

— In § 8.6 the importance of considering the band structure of the semiconductor
substrates in the study of their interaction properties is pointed out. A model
(SDK) explicitly dealing with the band structure is introduced, briefly described
and finally applied to the cases of MePTCDI on MoS; and on Si(111):H.
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8.1 Essentials of the experimental results

Isolated molecule approach

In § 3.4 it has been experimentally shown how, by continuously reducing the molecular
film thickness well below the single monolayer coverage, the intermolecular interaction
among the MePTCDI molecules within the amorphous organic film are reduced and by
this the excitation transfer inside the film.

In the limit of 0.01 ML coverage these intra-layer excitation transport phenomena are
interrupted and the fluorescence exhibits pure monomeric character without any residual
excimeric component (fig. 18) and monoexponential decay (fig. 19).

Using the isolated molecule approach it has been possible to analyse the direct inter-
action between the isolated MePTCDI molecules and different kinds of substrate. These
measurements have been described in section 4.1.

Argon spacer measurements

Furthermore, by condensing (at helium temperature) an argon layer (spacer) on the sub-
strate before deposition of the MePTCDI molecules, it was possible to study the dis-
tance dependence of the excitation transfer rate from the molecules toward the substrate
(fig. 47). The spacer measurements have been described in section § 4.2 and § 4.3 for
MoS, and Si(111):H, respectively.

hv Detection Monamer  Distance dependent shortening

fluorescence of moleaular lifetime
\ / MM
— AA — “Isolated” MePTCDI
kel 990 e, Hed ;H\A?_\\A%_\u:m
HO=O OO moleaules
Variable thickness
MS d

P solid Argon Spacer

Fig. 47: Inside ultrathin molecular films the Molecule-Molecule interaction (MM) is neg-

ligible (isolated molecule limit). It is thus possible to quantify directly the effect
of Molecule-Substrate interaction (MS) (i.e. the non-radiative energy transfer
from electronically excited molecule to the solid) by measuring the distance de-
pendent variation of the fluorescence properties of the molecule. The molecule-
substrate relative distance is set by a spacer of solid argon.

The more evident effect (fig. 21 and fig. 24) of this interaction is the fastening of
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molecular fluorescence transients by orders of magnitude upon distance reduction from
hundreds of Angstrom down to direct contact with the substrate.

The isolated molecule approach permitted an easier and more reliable data analysis:
no other competing process has to be taken into account and all the changes observed
in molecular fluorescence transients upon spacer thickness variation have to be ascribed
to the interaction with the substrate. In this particular case the fluorescence decays are
easier to analyse, since the fitting (continuous lines in fig. 21 and fig. 24) of the fluorescence

transients is usually monoexponential.

The interaction mechanism on semiconductor substrates

The fluorescence lifetimes drawn out from these fit curves are the main result of this
experimental work; they are shown in Fig. 22 (for MoS;) and fig. 26 (for Si(111):H) as
a function of the spacer thickness d,, in the range [0—200A]. A fluorescence lifetime
shortening by more than two orders of magnitude is observed on MoS,, by more than one
order of magnitude on Si(111):H.

The physical meaning of this drastic molecular lifetime shortening upon approaching
the substrate and why the same molecule seems to experience a different shortening effect
when deposited on different semiconductor substrates will be studied in the following
subsections.

8.2 Numerical application of the CPS model to semiconductors

In the following sections the CPS model is applied to quantify the molecular lifetime
shortening effect, when electronically excited isolated MePTCDI molecules are brought
in proximity of a semiconductor substrate.

As extensively discussed in § 7.3, within the CPS model there is no hint at the nature
of the substrate: the solid is described only by its dielectric function (through the Fres-
nel reflection coefficients): lacking any kind of microscopic treatment, it turns out thus
formally correct to apply the model to description of any non-metallic solid, too.

Naturally, the physical contributions to (w) are different in nature for different solids:
in the case of metals, the complex dielectric function is mainly contributed by the proper-
ties of free carriers, for semiconductors the dielectric response is governed by the behaviour
of bound electrons [129,147].

Disregarding the different origin of contributions to the dielectric function, the ap-
plication of the CPS model to the study of energy transfer from excited molecules to
semiconductors like MoS, and Si(111) is accomplished by inserting the appropriate lo-
cal, complex dielectric function value of the solid in the calculations of properties of the
emitter in presence of the substrate (eq. 11, eq. 12 and eq. 15).
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Scheme of numerical calculations
A number of programs have been written to compute the curves and the numerical values
shown and used in the following. In some detail:

— the distance dependent fluorescence damping constant (b = b(d)) has been com-
puted by numerically integrating the eq. 12 in the k-space (by the Runge-Kutta’s
method [132-134]) for distances in the range [0—10000 A ], both for parallel and
perpendicular to surface emitting dipole.

— inside the short distance domain (d < 100 A) the damping constant can be developed
in a simplified form (?)ET, eq. 15); making use of the experimental dielectric function
of the substrate it is possible to express the energy transfer parameter rate [(w)
(eq. 16) in terms of the energy of the emitting dipole.

— furthermore, the power dissipated by the excited dipole as a function of the param-
eter u has been calculated starting from the integrand of eq. 12.

Parameters used in calculations

The expressions for the damping constants b and EET, for the energy transfer rate param-
eter f(w) and for the dissipated power do not contain any free parameter, being every
quantity either tabulated (as the frequency dependent dielectric function of the substrates)
or just directly measured (as the molecular lifetime in solution, 75) or calculated (as the
molecular fluorescence quantum yield, ®, [43]).

The following values have been used in the calculations:
- Molecule emission energy (Eme): 7 =18775cm !, (p. 71)
- Argon dielectric constant at molecular emission energy:
£1=(1.68 + 1 0.0) [148,149]
- Substrate dielectric constants at molecular emission energy:
MoS,: £9=(20.0 + 1 5.0) [51]
Silicon:  £5=(17.2 4+ i 0.43) [150,151]
- Molecular fluorescence Quantum Yield: @y, =0.93 [43]
- Intrinsic molecular fluorescence lifetime in solution: 7o =3.95ns (see § 3.1)

In the next two sections the experimental results obtained on MoS, and on Si(111) are
compared with the predicted curves calculated according to the CPS model.

8.3 CPS model and MePTCDI on MoS,

In this section, the CPS model is used to describe quantitatively the distance dependent
interaction between excited MePTCDI molecule and the MoS, substrate.

MoS, is an indirect semiconductor, which at ¥ =18775cm™" efficiently absorbs (=

5-10%cm ™1, [152]) above its direct band gap, located at v =15730cm ! (fig. A.2). In
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the present case, the energy of the molecular dipole exceeds the direct band gap of the

substrate solid.

Fig. 48 reports, in semi-log scale, the MePTCDI fluorescence lifetime as a function of
the effective distance (deg®) from a freshly cleaved MoS, substrate. Together with the
experimental values (§ 4.2, fig. 22) are plotted the theoretical curves calculated according
to the CPS model.

Two CPS model curves have been numerically computed for parallel (——) respec-

tively perpendicular to the surface (- — —) emitting dipole.
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Fig. 48: Normalized MePTCDI monomer fluorescence lifetime as a function of the ef-
fective distance d.y from a MoS, substrate (data points as in fig. 22) plotted
together with the CPS curves calculated for parallel (continuous line) and per-
pendicular (dashed line) oriented emitting dipole. The physical properties of
the semiconductor are phenomenologically accomplished by using its dielectric
function within the calculations. The value d.g :d5p+3.5f\ (with d, argon
spacer thickness) accounts for the effective distance of the molecule from the

MoS, surface (see fig. 50). Semilogarithmic plot.

& The reason to use an effective distance d.g instead of the simple argon thickness to quantify the
separation between dipole and surface is connected with the finite dimensions of the MePTCDI molecule

and will be explained in § 8.3
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The CPS model predicts for perpendicular to the surface dipoles a more effective cou-
pling with the substrate and therefore an enhancing of the fluorescence lifetime shortening
effect with respect to the case of parallel lying dipoles. For this reason, in fig. 48, the
dashed curve runs, in the short-distance domain, below the continuous one.

Furthermore, the plot evidences that the sequence of experimental measurements has
been preferentially focussed on the small-distance range (d.z <200A), where a strong
lifetime shortening effect is observed and where eventual deviations from the classical
model are expected to be larger.
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Fig. 49: Same experimental points and calculated CPS curves as in fig. 48, but in log-log
scale to emphasize the near-field range (d.;<100 A). The thin horizontal line at
25 ps indicates the time detection limit of the system. The d? dependence in
normalized fluorescence lifetime appears as a straight line with slope 3.

The curve calculated for dipoles parallel to the surface describes excellently the experi-
mental data, both at large distances, where the interference effects are expected to prevail
(with oscillations in fluorescence lifetime) and in the near-field range (d.z < 100 A), where
strong energy transfer phenomena are predicted to take place (resulting in a drastic life-
time reduction). Fig. 49 shows the same curves of fig. 48, but in double logarithmic plot
to stretch the scale and to emphasize the short-distance domain. The agreement with the
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measured molecular lifetimes is found very good for distances down to ~20—30 A. Below
this limit the lifetime decreases more slowly and it deviates from the predicted curve.

The model would not seem to describe appropriately the observed experimental dis-
tance dependence. Nevertheless, inside this distance domain the shortening effect turns
out to be so strong that the measured molecular lifetime falls under the time-detection
limit of our system (7~ 25ps, thin horizontal line in fig. 49). Any lifetime measure-
ment carried out on very small d.z would result in a value around the system-limited
minimum value. As an example, the molecules directly deposited on the semiconduc-
tor are predicted to experience a lifetime shortening of ~ 40000 times (a=2.53-107° at
defr = 3.5 A). A lifetime of 7~ 0.1ps is expected by extrapolation, a value of ~ 25ps is
instead measured.

The limited time resolution of the system does not permit to consider the values mea-
sured at short d.s as deviating from CPS expectations.

As discussed in § 6.1, within the near-field domain the molecular lifetime is predicted
to exhibit a d?® distance dependence (i.e. a straigth line with slope 3 in log-log plot).
The numerical value of the lifetime shortening is quantified by the energy transfer rate
parameter 3(w) (eq. 16), which defines the vertical offset of the d*® curve on the graph.
In § 8.3.1, the value of (w) is calculated in a large frequency range and the specific value
for MePTCDI on MoS, is given.

The effective distance from the substrate

Because of the better agreement found between the experimental data and the model
curve calculated for a parallel dipole with respect to a perpendicular one, it is assumed
that the transition dipole of the molecules is predominantly oriented along a direction
parallel to the solid.

Since the transition dipole is directed (within the MePTCDI molecule) along the long
molecular axis (§ 2.2), it implies that also the molecules are preferentially lying with this
axis parallel to the substrate.

In order to calculate the actual distance between the molecular dipole and the substrate,
the finite dimensions of the molecule have to be taken into account, too.

A molecule can lie parallel to the substrate either ‘flat’ or ‘on edge’ (fig. 50): according
to the lateral dimension of the molecule and to the Van der Waals radii of component
atoms, in the first case the transition dipole results to lie at 2.3 A, in the second at 4.7 A
away from the substrate. Considering an uniform distribution of molecules ”flat” and ”on
edge”, the average offset value of 3.5 A has to be added to get the effective dipole-substrate
distance dg.

If an argon spacer of thickness d;, is placed between molecule and substrate, the
effective dipole-substrate distance d g amounts to d.g = d;,+3.5 A. For molecules directly
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Fig. 50: Sketch of the three possible extreme orientations of the MePTCDI molecule.
The transition dipole moment (indicated by a double arrow) lies along the long
axis of the molecule [43,98]. If the molecule is parallel to the substrate, the
distance of its dipole from the surface has to be calculated as the average of half
lateral dimensions for ‘flat’ lying and ‘on edge’ molecule. For MePTCDI, the
average minimal distance amounts thus to 3.5 A.

deposited on the MoS, (no argon spacer, dy, =0) the minimum dipole-substrate average
distance amounts to deg = 3.5 A. The correction becomes appreciable only at very small
argon thicknesses (d,, <30—40 A).

8.3.1 Calculation of the energy transfer rate parameter (w) for MoS,

According to the theoretical approach developed in § 7.1 for metallic substrates and
making use of the assumptions on the applicability of the model to semiconductors (§ 7.3),
it is possible to estimate by eq. 16 the rate of energy transfer ber from an excited dipole
to a MoS, substrate as a function of the frequency of the emitter, when the distance d is
small: by = B(w)d 3.

f(w) does express, in its functional dependence on the frequency, the predicted change
of the energy transfer rate when the emitting molecule is supposed to be substituted with
another kind of molecule, with different emission frequency. The numerical value for the
specific case of the MePTCDI molecule on MoS, is calculated in the following.

The emitter is considered at a distance d.g < 100 A from a MoS, surface, separated
from it by the argon spacer. Within this distance range the approximation that leads to
the near-field expression (eq. 15) of energy transfer rate actually holds.

Instead of any model function only the experimental dielectric function of MoS, [51]
and of argon has been used in the calculations.
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Fig. 51: MoS, dielectric function’s real and imaginary part [51] and calculated energy
transfer rate parameter 3 as a function of emitter energy hw, for a parallel dipole
at a distance d.g < 100 A from MoS, substrate. The spacer is argon. The abrupt
increase in transfer rate at 1.80eV is related to the onset of direct absorption
across the band gap. The arrow indicates the emission energy of the MePTCDI
molecule; a number of emitters, with emission energy ranging hypothetically
from hw =2eV to 2.5eV are predicted to experience a lifetime shortening effect
whose value changes almost four times. A so strong modulation is to ascribe to
the band structure of the semiconductor.

Fig. 51 shows, together with the real (dashed) and imaginary (dotted) part of MoS,
experimental dielectric function, the energy transfer rate parameter [(w) (thick line)
numerically derived as a function of emitter frequency. [(w) has been calculated for
a parallel emitting dipole (with fluorescence quantum yield equal to MePTCDI’s one,
q=0.93). The small arrow indicates the actual energy of Sg — S; electronic transition in
the MePTCDI molecule.

The strong increase predicted in f(w) for energies above 1.80€V is related to the onset
of the transition across the band gap in MoS,, evidenced by a change in absorption
coefficient (in the figure, proportional to Im(e(w))). The MePTCDI emission energy
(Emol = 2.32eV) turns out to lie well above the band gap, although far from the resonance
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at 1.95eV.

Numerical value of g for MePTCDI on MoS,
In the particular case of MePTCDI on MoS,, the energy transfer rate parameter is cal-
culated to be Bases, ~ 1.7-10'® [cm?] at the molecular emission frequency.

As discussed for silver, from 3’s defining equation (eq. 16) the energy transfer rate i
at a distance d can be readily calculated: if d=10A (d=10""cm, d=3 = 10?' cm~3), then
bibs, ~ 1.7-107'8 . 10%' ~ 1700; since T = 79/bpr, the measured MePTCDI fluorescence
lifetime is expected to be shortened on MoS; more than three order of magnitude. It is
interesting to compare this large quenching effect on MoS; with that estimated when the
MePTCDI molecule is supposed to be deposited on a metallic substrate (for example on
Ag, bgr ~ 600, p. 104).

In this particular case, the MePTCDI fluorescence lifetime can be shortened more on

a semiconductor than on a metal.

This result demonstrates that the interactivity of a material cannot be guessed a priori
and that, depending on the frequency of the emitter and on the band structure of semi-
conductor, also non-metallic materials can affect drastically the fluorescence properties of
the molecules deposited.

8.3.2 Calculation of the power dissipated by MePTCDI on MoS,

It is now possible to calculate the distributions of wave vectors on which the emitting
dipole dissipates its power, when it is brought in the proximity of the MoS, surface.
Following the approach developed at p. 105, the imaginary part of the integrand in eq. 12
can be plotted as a function of u = k,/k; for various emitter-surface separations (k, is
the projection of dipole field wave vector on the plane of the interface and k; the dipole

far field wave vector in medium 1).

As already discussed for Ag, the value of the ratio k,/k; discriminates between various
energy transfer mechanisms: the integral over 0 <u <1 (k; < ky) is related to the coupling
to radiation, while the integral for 1 < u < oo (k; > k;) represents the non-radiative
contributions to energy transfer.

Fig. 52 shows (in log-log plot) the power dissipated by the emitting dipole, calculated
as a function of the normalized wave vector u, for a parallel MePTCDI molecule placed at
various distances (dog =0—600 A, by argon spacer) above a MoS, surface. The area under
each of these curves is proportional to the energy transfer rate b from excited molecule
to substrate, i.e. it corresponds to a point of the curve a = b=! in fig. 49 at a defined
distance dg.

From the comparison between fig. 45 (power dissipated by the MePTCDI molecule on
Ag) and fig. 52 (MePTCDI on MoS,), a number of considerations can be made.
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Fig. 52: Imaginary part of the integrand in eq. 12 (related to the power dissipated
by the emitting dipole) calculated as a function of the normalized wave vec-
tor u = ky/kq, for a parallel MePTCDI molecule located at various distances
(deg=0—600 A, by argon spacer) above a MoS, surface. The area under these

curves is proportional to the energy transfer rate from excited molecule to sub-
strate. Log-log plot.

— The range 0 < u <1 exhibits few differences: the contribution of radiatively dissi-
pated power does not change appreciably in absolute value between the two cases.

— There is no strong resonance for u slightly above 1; the curve shows only the usual
divergence at u=1 (corresponding to /1=0 in eq. 12) and only a further slight
modulation about u =4 (corresponding to the zero of ly). The peak associated to
the resonant excitation of surface charge oscillations (SPP) is not present.

— The region with v > 1 shows the importance, also in the case of MoSs, of the
additional non-radiative decay route represented by coupling between the near field
of the emitter and an induced electron-hole generation in the solid (‘lossy modes’,
LM). As already observed in Ag the dissipated power via this mechanisms increases
progressively with decreasing distance and represents the main decay route at short
separations.

The results of application of the CPS model to the study of the interaction between
MePTCDI and MoS, are summarized in § 8.5.

The real nature of the interaction mechanism between MePTCDI and MoS; and why
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the CPS model is able to adequately describe the experimental data on a large distance
ranges will be discussed in § 8.6.

8.4 CPS model and MePTCDI on Si(111):H

In this section the CPS model is applied to describe quantitatively the distance dependent
interaction between the MePTCDI molecule and a Si(111):H substrate.

Silicon at 7 = 18775 cm ™~ still does not absorb across the direct energy gap (since direct
E,p=3.4eV, 27420cm ™, fig.A.3). In case of Si(111):H the energy of molecular dipole
does not exceed the direct band gap of the semiconductor, but only its indirect band gap.

1 E - 1000
—~
0.1 -100¢g
S ] i &
I . - —_
© k)
0.01—: - 10
. —— Parallel dipole |
] A Perpend. dipole

10 100 1000
dsr [A]

Fig. 53: Normalized MePTCDI monomer fluorescence lifetime as a function of the dis-
tance from a Si(111):H substrate (data point as in fig. 26). CPS model curve
calculated for parallel (continuous line) and perpendicular (dashed line) ori-
ented emitting dipole with respect to the semiconductor surface. The value
dey = d5p+5.7A accounts for the effective distance of the emitting dipole from
the bare silicon surface (fig. 54).

Fig. 53 shows, in log-log scale, both the experimental data (from fig. 26) and the curves
calculated according to CPS-model using for MePTCDI and Si(111):H the parameters
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reported in § 8.2.

Much as made for MoS,, also for Si(111):H an effective average distance has to be
chosen (fig. 54) to account for the finite dimensions both of the molecule and of the
additional passivation layer, whose thickness is estimated to 2.2 A. Consequently, the
minimum distance between the dipole and the bare silicon substrate amounts to 5.7 A
(for parallel MePTCDI molecules).

Parallel dipole
[min.dy ~2.28 +3.5A =5.7A ]
~ - ™
A LI e 2
| 4 H-passivation i 2_2A

Fig. 54: MePTCDI on hydrogen passivated Si(111). When the molecule lies parallel
to the surface, to get the actual separation between transition dipole and the
bulk, the average value (3.5 A) has to be further increased by the hydrogen layer
thickness (2.2 A). The minimum dipole-substrate distance for parallel MePTCDI
molecules on Si(111):H amounts to 5.7 A.

Two CPS curves have been calculated for parallel (continuous line) respectively per-
pendicular (dashed line) emitting dipole; the physical properties of Si(111):H are also here
phenomenologically accomplished by inserting in the calculation the values of the semicon-
ductor optical dielectric function at emitting dipole frequency (¢ = (17.2 + i 0.43) [150]).

Differently from the case of MoS,, the observed distance-dependent MePTCDI fluo-
rescence lifetime is not adequately described by the CPS model. Both curves calculated
for parallel and perpendicular emitting dipole locally strongly overestimate the energy
transfer to the substrate and consequently underestimate the observed lifetime, especially
in the small-distances domain (d.y <50 A). At the shortest distance (dg=25.7A) the
model predicts a value of 7 ~ 4 ps, a value of 7 =145 ps is instead observed; the discrepancy
amounts here to a factor of ~ 35.
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8.4.1 Calculation of the energy transfer rate parameter [(w) for Si(111):H

Parallel to the approach followed in § 8.3.1, also in the case of Si(111):H it is possible to
estimate the rate of energy transfer from an excited dipole to the substrate as a function of
the frequency of the emitter. The numerical value expected in the case of the MePTCDI
molecule deposited on Si(111):H is then explicitly calculated.

The molecule is assumed to lie at a distance d.g <50A from a Si(111):H surface,
separated from it by an argon spacer. From fig. 53, it is evident that only within this
distance range the general damping factor b (eq. 12) can be approximated by the near-field
expression (eq. 15).

The frequency dependent proportionality constant 5(w) as calculated from eq. 16 is
plotted in fig. 55. Once more, only the experimental dielectric function of Si [150] (§ A.1)
and of argon has been used here.
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Fig. 55: Real and imaginary part of Si(111):H dielectric function [150] and calculated
energy transfer rate parameter 3 as a function of emitter energy hw, for a parallel
emitting dipole at a distance d.g <50 A from Si(111):H substrate. The rate is
predicted to increase almost one order of magnitude above iw = 3.4 eV, the onset
of direct absorption across the band in silicon. The arrow indicates the emission
energy of the MePTCDI molecule, well below the direct band gap.
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Fig. 55 shows, together with the real and imaginary part of the Si(111):H dielectric
function from which is derived, the energy transfer rate parameter S(w) (thick line) as a
function of emitter frequency for a parallel emitting dipole with quantum yield q=0.93.
The small arrow indicates the actual emission energy of the MePT'CDI molecule.

The strong increase predicted in 5(w) for energies above 3.40 €V is ascribed to the onset
of the transition across the band in Si as evidenced by the increase in the absorption
coefficient. The MePTCDI emission (Ep=2.32eV) lies therefore well below the direct

energy gap.

Numerical value of  for MePTCDI on Si(111):H

In the present case, an energy transfer rate parameter B3g; ~0.195- 10'8[cm?] is predicted.
Ifd=10A (d=10""cm, d-3=10?" cm™3), then bET, ~ 0.195-107'8.102' ~ 195; since 7 =
7o/ BET, the shortening factor is more than two orders of magnitude. This value is readily
comparable with that obtained when the molecule is supposed to be deposited at the
same distance (d=10A) on the MoS, substrate: Eff;& ~ 1700 (§ 8.3.1); the fluorescence
lifetime shortening is predicted to be on Si(111):H almost one order of magnitude smaller
than that measured on MoS,.

8.4.2 Calculation of the power dissipated by MePTCDI on Si(111):H

Also in the case of MePTCDI deposited on Si(111):H it is possible to calculate through
what mechanisms the emitting dipole does dissipate its power when it is brought in the
proximity of the semiconductor surface. Following the approach developed in § 8.3.2, the
imaginary part of the integrand in eq. 12 can be plotted as a function of u = k,/k; for

various emitter-surface separations.

As discussed for Ag and for MoS; (fig. 45 and fig. 52), the value of the ratio k,/k; dis-
criminates among the possible energy transfer mechanisms: coupling to the radiation field,
to resonant surface charge density oscillation modes and to electron-hole pair generation.

Fig. 56 shows the power dissipated by the emitting dipole, calculated as a function of the
normalized wave vector u, for a parallel MePTCDI molecule placed at various distances
(der=0—600 A, by an argon spacer) above a Si(111):H surface. The area under these
curves is proportional to the energy transfer rate b from excited molecule to substrate,
i.e. it corresponds to a point of the curve a = b=! in fig. 53 at a defined distance d.g-.

Comments on fig. 56
By comparing fig. 52 (MePTCDI on MoS,) and fig. 56, it can be observed that:
— The shape of the curves in the range 0 <u <1 is very similar to what already
observed on MoS,; also on Si(111):H there are no appreciable changes in coupling
of emitter to radiation.
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Fig. 56: Power dissipated by the emitting dipole calculated as function of the normalized

wave vector u = k;/ky, for a parallel MePTCDI molecule located at various dis-
tances (d.z =0—600A, argon spacer) above a Si(111):H surface. The area under
these curves is proportional to the energy transfer rate from excited molecule to
substrate. Log-log plot.

— No strong resonance for u slightly above 1 is predicted; the curve shows only the
divergence at u =1 (corresponding to ;=0 in eq. 12) and further a strong modulation
at about u = 3.24 (corresponding to the zero of Iy, at u = \/% with a singularity
just outside the real axes). The peak associated to the resonant excitation of surface
charge oscillations (SPP) is here not present, as on MoSs.

— A difference is however observed in the region v > 1. Even in log-log scale, the
plot exhibits an evident reduction of the contribution to dissipated power from large
wave vectors. The integration in u (proportional to the energy transfer rate) turns
out to be more than one order of magnitude smaller on Si(111):H that on MoS,.

— As already observed on the two other substrates, the dissipated power increases
progressively with the decreasing of the distance; at d =0 the integral (without any
applied correction, as discussed at p. 109) diverges.

The results of application of the CPS model to the study of the interaction between
MePTCDI and Si(111):H are summarized in § 8.5. The nature of interaction between
MePTCDI and Si(111) substrate and why the CPS model is not able to effectively describe
the experimental data in the short distances range will be discussed in the § 8.6.
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8.5

CPS model and MePTCDI on MoS, and Si(111):H:
Summary of the results

The main results of the application of the CPS model to the quantitative description
of the interaction between MePTCDI and MoS; and Si(111):H can be summarized as
follows.

CPS and MePTCDI on MoS,: summary

a.)

b.)

c.)

d)

d.)

The CPS model is successful in describing (over a wide range of distances, between
20-500 A) the effect of non-radiative interaction between the electronically excited
molecule and MoS,. In this case the dipole energy lies above the direct band gap
energy.

From the model curves, the emitting dipole can be assumed mainly parallel to
the substrate. From geometrical considerations, it follows that also the MePTCDI
molecule lies mainly parallel to substrate.

Eventual deviations from the model at extremely short distances (d.z <30A) are
not experimentally detectable owing to the limited time resolution of the system.
The energy transfer rate parameter f(w) calculated at the MePTCDI monomer
emission frequency is predicted to be stronger on MoSs; than on Ag.

The power of the emitting dipole is dissipated through very similar routes on MoS,
and on Ag; nevertheless, on MoS,, the contribution from SPP excitation is absent.

CPS and MePTCDI on Si(111):H: summary

a.)
b.)

c.)

Differently from the case of MePTCDI on MoS,, when Si(111):H is used as substrate
the MePTCDI emission energy lies well below the direct band gap energy.

Also at minimum distance (doz = 5.7 A) the observed molecular fluorescence lifetime
is larger than the system detection time limit.

Within the considered distance range (5.7—130 A), the CPS model does not describe
adequately (particularly when d.g <50 A) the effect of interaction between the e-
lectronically excited molecule and the substrate; at the lowest effective distance a
discrepancy of more than one order of magnitude is observed.

The energy transfer rate parameter 5(w) calculated at MePTCDI monomer emission
frequency is predicted to be about 10 time weaker on Si(111):H than on MoSs.
The power of the emitting dipole is predicted to be dissipated through different
routes on Si(111):H and on MoSs; particularly the high wave vectors do contribute
in Si(111):H only poorly; also on Si(111):H the contribution from SPP excitation

is however absent.
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8.5.1 General comments on the molecule-semiconductor interaction in the
two considered cases

From the comparison of experimental data and calculated curves in § 8.3 and § 8.4, the
most important aspects of the interaction between MePTCDI molecules and the chosen
semiconductor substrates can be commented as follows:

— The electronically excited MePTCDI isolated molecule decays on both semiconduc-
tor surfaces orders of magnitude faster than the molecule in dilute solution.

— A lifetime shortening is found both on a semiconductor whose band gap is smaller
(MoS,) or greater (Si(111):H) than the molecular energy (Ey,q=2.32¢V), neverthe-
less this effect is quantitatively different (about three and slightly more than one
order of magnitude, respectively).

— The observed distance dependent lifetime is quantitatively described by the CPS
model on the whole considered distance range only in the case of MoS, (fig. 49),
a deviation of more than one order of magnitude between model predictions and
experimental data is observed on Si(111):H.



8.6 Molecule-semiconductor interaction: the role of the band structure 131

8.6 Molecule-semiconductor interaction:
the role of the band structure

The results shown in § 8.3 and § 8.4 are discussed in this section taking into account a
simple band structure for MoS; and Si(111):H and making use of a further model (‘SDK’,
see § 8.6.2) to complete the description of the materials given by the CPS model.

The inadequateness of a description of the solids independent from their band structure
(as made in the CPS model) is at first pointed out, then the SDK model is introduced,
briefly described in its main assumptions and statements and finally used to interpret the

experimental results.

8.6.1 Inadequateness of the CPS model to describe semiconductors

The CPS model does not take explicitly into account the band structure of the solid:
the substrate is described only by its local dielectric function only dependent on w, but
without any dependence on the k-vector.

When a semiconductor is used as substrate, its band structure is expected to have
a strong influence on the fluorescence properties of an emitter placed at short distance
from its surface, because the possibility to absorb energy is modulated by the momentum
matching conditions imposed by the band structure of the solid. Deviations from the
prediction of the CPS model are indeed expected.

To rationalize the subject and explain what experimentally observed, the following ques-
tions have to be answered:

— Why a strong fluorescence lifetime shortening effect is observed when the energy of
the electronically excited molecule exceeds the semiconductor direct band gap (for
example, MePTCDI on MoS,).

— Why the observed distance dependent fluorescence lifetime reduction in this case
seems properly described by the CPS model.

— Why a lifetime shortening effect is however observed also when the energy of the
emitter does not exceed the semiconductor direct band gap (for example, MePTCDI
on Si(111):H)

— Why the observed distance dependent lifetime reduction in the last case is not
properly described by the CPS model.

The SDK model, introduced in the following section, permits to answer (at least qual-
itatively) these questions on the basis of the band structure of the considered materials.

8.6.2 The excitation of electron-hole pairs in semiconductors

In the frame of the CPS model, the solid has been described only by its dielectric function
¢(w), without any kind of microscopic treatment.
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For dipole energies above the onset of the interband transitions within the substrate
(irrespective whether metal or semiconductor), the form of e(w) depends almost exclu-
sively on the specific electronic band structure of the material; as an example, the case of
Ag has been reported in § 7.2.1.

An extended theoretical treatment that correctly takes into account, beside the fre-
quency dependence, also the k-vector dependence of the response function of the solid is
therefore expected to describe in a better way the interaction with the solid if this is a

semiconductor.

As originally proposed by Dexter [153], the energy of a molecule optically excited
within an organic film deposited on a semiconductor can be transferred to the substrate
producing electron-hole pairs in the semiconductor. The energy transfer is predicted to
occur via a non-radiative process from the excited molecule, when the excitation energy
of the molecule is greater than the band gap of the semiconductor.

Successively Stavola, Dexter and Knox [13] proposed a semiclassical model (referred to
in the present work as ‘SDK model’), that describes the interaction between molecule and
substrate by a dipole-dipole interaction mechanism between the excited molecular dipole
and the induced e-h dipole in the semiconductor.

The model combines the Forster-Dexter energy transfer theory [154] [155] and a simple
band model to describe the semiconductor; direct and indirect band-gap solids are treated
explicitly. The model is briefly introduced in the following section.

8.6.3 The SDK model

As in the CPS model, also in the SDK one the electronically excited molecule is modelled
as an emitting dipole placed at distance d from a substrate (semiconductor in this case).
The volume between dipole and solid is filled with a non-absorbing medium 1 (the argon
spacer in the present case), whereas the solid is described not by a macroscopic dielectric
function £(w) as in the CPS model, but by its band structure (by E.(k.) and E,(k,), i.e.
the k-vector dependent energy of conduction and valence bands, respectively).

The probability for the energy transfer from an excited molecule to the semiconductor
is expressed by means of Fermi’s golden rule. Within the SDK model [13], the interac-
tion which gives rise to the transfer is the Coulomb interaction between the electrons of
the excited molecule and the electrons of the semiconductor. The Coloumb interaction
Hamiltonian here used contains explicitly a reference to the distribution of momentum
components of the exciting field of the dipole. The emitter is assumed for simplicity to
transfer all of its (sharply defined) energy.

The bands of the semiconductor are treated with a simple parabolic band approxima-
tion and the exciting energy is supposed to be 0.05—0.5eV above the direct (or indirect)
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band-gap energy of the semiconductor. The semiconductor is assumed to be explicitly a
crystal with cubic symmetry and lattice constant a.

The expression for the damping function I;SDK (ratio between the transfer rate from
molecule to substrate and the spontaneous radiative emission rate) has the form:

bepi = A / k. / dk, B(d, k.. k,) 3(Ey — Fo—Fu(k.) — By(k,))  (30)

zone zone

where A depends on the parameters of the solid, B(d, k) is a function of the molecule-
substrate separation and the delta function accounts for the energy conservation in the
transition. Here A = E); — E¢ (‘excess energy’) is a fundamental parameter of the model
and it indicates how much larger is the molecule emission energy (Ej;) than the energy
band gap Eq of the semiconductor; finally, E.(k.) and E,(k,) are the electronic bands of
the solid, measured with respect to the lowest point of conduction and the highest point
of valence band, respectively.

In eq. 30 within the integral on all the wave vectors of the zone (k,, in valence and k.,

conduction band), Dirac’s delta function acts to eliminate the contribution of transitions
for which the energy is not conserved (if A # (E.(k.) + E,(k,)) then 6 = 0).

Approximated band shape

Valence and conduction band are approximated as parabolic (with quadratic dependence
in k-vector; i.e. E.(k.) = (h’k*)/2m., E,(k,) = (h?k?)/2m,), with masses m, and m,;
the 6 function in eq. 30 is then rewritten as:

27.2 27.2
6<A_hkc_hkv>

2m,.  2m,

By introducing the variables k = Ak = k. — k, and m, = m.m,,/(m. + m,) and solving
the integral in eq. 30 with standard methods, the following expression for the energy
transfer rate is obtained:

; 2m.\*? i\
— * 12 | g3 -
bspk = A 27 < 2 ) A /d k B(d, k) (1 2 )A) (31)

Me + My,

The transfer rate is therefore a function of the integral of the product of two terms: B(d, k)
that takes into account the geometry of the system and the term inside the parenthesis
that imposes the energy conservation.

The expression in eq. 31 is valid both for an excitation energy larger than the direct
band gap and larger than the indirect band gap, changing in the two cases the form of
function B(d, k).
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Transitions above the direct band gap

By analysing the functional dependence of bspk on d, it is possible to evidence that when
d is large, the function B(d, k) is non-negligible only for small values of k: at distance
larger than a few (5—10) lattice constants, only B(d,k = 0) is in practice non zero.
This observation permits to obtain a large-distance approximated solution in which the
k-vector dependence is reduced to uniquely k=0 (‘optical-limit solution’): this solution
coincides with the d =3 functional dependence predicted in the CPS model.

However, when the distance d decreases (d <50 A), more and more transitions with
k-vector around k=0 are admitted to contribute to the transfer rate by the B(d, k)

function.

But now the (multiplicative) energy conservation condition (represented by the § func-
tion) tends to restrict once more the integration to the center of the zone: the requirement
that energy transfer rate (eq. 31) be real, implies that the last part of the integral is real.
Thus, a condition on k is obtained:

2(me + my)A

2
<=

(32)

The energy conservation condition reduces therefore the density of the allowed final
states for the transition, as a function of the excess energy A and of the band masses: as
A becomes smaller or the band curvature larger the condition is more restrictive. It acts
to truncate the integration on £ in eq. 31 and thereby to reduce the transfer probability
with respect to the optical-limit (CPS) values: not all the k-vector components of the
molecular near field can produce an electron-hole pair, but only those that satisfy the
condition of eq. 32; for this reason the energy transfer rate decreases and this results in a
deviation (less quanching) from the dependence valid at large-distance.

Fig. 57 shows the energy transfer rate predicted by the SDK model (I;SDK) as a function
of the molecule-semiconductor separation d, for a direct gap material, normalized to the
large-distance (CPS) value. bspk/beps is plotted for a number of excess energy A values,
whereas the band masses values are kept fix. The SDK model predicts (at intermediate
distances, d=20—60A) a large deviation from the CPS expectation only for small A
values (A <0.2eV).

Transitions above the indirect band gap

Also in this case the valence and conduction bands are assumed parabolic with masses
m, and m,, but while the valence band extremum is at zone center the conduction band
extremum is assumed to be displaced from the zone center by a some wave vector q, as
sketched in fig. 58.

- Phonon-assisted transitions.
As discussed for transitions above the direct band gap of semiconductor, the contribu-
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Fig. 57: SDK model predictions for the energy transfer from an electronically exci-
ted molecule to a semiconductor (via electron-hole pair generation) when the
molecular energy is larger than the direct gap of the material, as a function
of the molecule-substrate separation d. The curves, normalized to the ex-
pected CPS value (large-distance, ‘optical’ limit value), are calculated for var-
ious emitter excess energy A and constant band masses values m. = 0.1m,
and m, = 0.5m, [13]. Energy conservation condition is predicted to limit the
density of final states allowed for the transition according to eq. 32: not all the
k-vector components of the molecular near field can indeed produce an electron-
hole pair in the semiconductor; in this way the energy transfer deviates from
CPS expectation (pointed line).

tions to the energy transfer rate integral (eq. 30) are non zero only for transitions between
regions near the band extrema. In the far-field distance and for transferred energies just
above the band gap (A very small), as the wave vector of molecular field is negligible
(kar ~0), phonon emission or absorption (with ky, ~ q) is required to conserve momen-
tum in indirect transitions across the gap in the semiconductor (fig. 58 (a)).

When the phonon-assisted band transition is the dominant mechanism to produce

electron-hole pairs in the solid, the energy transfer rate IA)IS)}[I)OII{1 is predicted to exhibit once
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Fig. 58: Sketch of molecule-semiconductor energy transfer via electron-hole pairs gen-

eration, for molecular energy E),; just above the onset Fg of an indirect band
transition. The conduction band minimum is displaced by q in k-space. At
large emitter-substrate separation, to conserve the momentum in transition,
phonon-assistance (a) is required (ky, +k,, =q, with ks ~0). At short emitter-
substrate separation, the near-field effects become dominant: SDK model pre-
dicts that the high-wave-vector components of molecular near field can directly
promote non-vertical transitions (b) without phonon-assistance. Depending on
A’s value, energy conservation (eq. 32) reduces the possible transitions only to
final states around k.~ q. The phonon energy is neglected in figure.

more a d~? dependence on the distance. Its absolute value is however expected to be
smaller than that in the direct transitions: in both cases the rate is proportional to
the absorption coefficient a of the solid. In case of indirect transition however «;,q is
proportional to A%, rather than A'/? as in the direct case (ag;); as a consequence, for
excess energy of ~(0.1—0.3eV, the indirect absorption is up to two orders of magnitude
weaker than the direct one.

~ bh . . . .
The observed energy transfer rate bgp; via phonon-assisted transition mechanism on

indirect band gap materials is similarly expected to be appreciably smaller in absolute
value than the rate via vertical transitions on direct gap solids.

- Non phonon-assisted transitions.

In the near-field domain the molecules transfer non-radiatively the excitation to the sub-
strate. The excitation transfer is not mediated by a photon and the condition k,; ~ 0 is no
more valid. The molecular near field exhibits indeed a large distribution of k-vectors. As
a consequence, the SDK model predicts that it is possible that the excited molecule does
transfer energy to the semiconductor by directly producing electron-hole pairs via non-
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vertical transitions, without phonon assistance, only by means of the k-vector distribution
around k = q.

The production of electron-hole pairs by non-vertical transitions (fig. 58(b), slanted
arrows) allows the energy transfer to take place also when the energy of the emitter is
smaller than the direct band gap of the semiconductor. When caused by a mechanism
involving non-vertical transitions, the model predicts that the energy transfer rate b from
the molecule to the semiconductor shows a d~* dependence on the distance.

However, at shorter distances, much as in the direct gap case, also on indirect gap
semiconductors the energy conservation condition (4 function in eq. 30) truncates, as a
function of A and of the band masses, the integration in k-space to values around k.~ q.
This reduces the energy transfer rate and causes weaker dependence and a deviation from
the d~* curve.

Summary of the SDK model predictions
The predictions of the SDK model can be summarized as follows:
—Emitter energy larger than the direct band gap:

1.) For distances in the range of d ~ 50—100 A, the SDK model agrees with the expec-
tations of the CPS model and the energy transfer rate is predicted to exhibit a d 3
dependence.

2.) At shorter distance (d<50A) the SDK model predicts, on the base of energy con-
servation reasons, less energy transfer than that expected by the CPS model. A
deviation from the classical d 3 curve, depending on the value of excess energy A,
is therefore expected.

—Emitter energy larger than the indirect band gap:

3.) The SDK model predicts two possible energy transfer mechanisms: for large
molecule-substrate distances, via phonon-assisted band transitions with a d =3 de-
pendence. In the range d ~20—50 A via non phonon-assisted transitions with a d—*
dependence.

4.) Owing to energy conservation condition a deviation from the d~* curve is predicted
for distances d < 20 A. The extent of the deviations depends on the amount of excess
energy A and on the band structure of the semiconductor.

These aspects are evidenced in fig. 59; there, the normalized fluorescence lifetime a =
BS*];K (according to eq. 11) is plotted versus d in case of emitter energies respectively above
the direct or above the indirect band gap in a semiconductor: in the short distance range
the SDK model predicts deviations from respectively the d? and d* dependence.
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Fig. 59: SDK model predictions for excited molecules deposited on a generic direct or

indirect band gap semiconductor substrate (with optical absorption of g, =
50000 cm™" and aj,q =500 cm™!, respectively). Distance-dependent normalized
fluorescence emitter lifetime (a = bgl, ) numerically calculated (continuous line)
from eq. 31 [13] and analytically approximated in the limit of large distances
(dashed and dotted lines).

Direct transitions: In the limit of large distances, the model predictions coincide

with the CPS model expectations (i.e. d® dependence for a), whereas a devia-
tion is expected for smaller d.
Indirect transitions: Beside phonon-assisted transitions (dashed line, with a clas-

sical d* dependence), non-vertical transitions from valence to conduction band
are possible, because of momentum distribution in the molecular near field,
without phonon-assistance (‘near-field effect’): in this case a d* dependence is
predicted at large distances (dotted line), whereas for small d a deviation is once
more expected. The extent of the deviations depends on the amount of excess
energy A and on the band structure of the semiconductor.
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8.7 The SDK model applied to MePTCDI on MoS; and on
Si(111)

In this section, the distance dependent fluorescence measurements carried out on the two
semiconductors are discussed by joining the arguments of § 8.3 (for M0S;) and of § 8.4 (for
Si(111)) based on the quantitative calculations by the CPS model, with considerations
about the specific band structure of the two semiconductors and the qualitative predictions
of the SDK model, described in the last paragraph.

The fluorescence lifetime shortening is connected to the semiconductor nature of the
considered solids. The distance dependence observed on Si(111):H (fig. 53) is interpreted
by the light of the particular energy transfer mechanism predicted by the SDK model on

indirect semiconductors.

8.7.1 MePTCDI on MoS,: description by the SDK model

In the quantitative description of MePTCDI deposited on MoS,, the introduction of the
SDK model seems not necessary since the CPS model has proofed to be able to describe

correctly, on a large distance range, the observed distance dependence of the fluorescence
lifetime (fig. 49).

Nevertheless, the (quantitatively correct) predictions of the CPS model are exclusively
founded on the use of a frequency dependent dielectric function e(w) (macroscopic pa-

rameter) of the material, whereas no indication is given on the interaction mechanism.

As shown in fig. 51, in case of MoSs, both the dielectric function ¢(w) and the energy
transfer rate parameter 3(w) turn out to be drastically affected by the transitions across
the gap in the substrate. The fluorescence lifetime shortening effect is therefore definitely
related to the semiconductor nature of the solid, too.

Furthermore, the calculation (within the CPS model) of the power dissipated by the
MePTCDI molecules when deposited at various distances d from MoS, (fig. 52) puts in
evidence that, as the separation is decreased, the largest part of the energy is transferred
through high-wave vectors components of the molecular field.

Moreover, in the same plot, the peak related to the resonant excitation of surface
plasmon polaritons (SPP) is absent. The missing of such resonance precludes the possi-
bility to explain the observed lifetime shortening effect on MoSs in terms of excitations
of longitudinal charge oscillations as on metallic substrates.

Finally, the MePTCDI energy (Eo =2.32¢eV) lies above the direct band gap of MoS,
(E3ps,=1.95eV) and the excess energy A amounts to 0.35-0.40eV.

Taking into account all these aspects, the SDK model describes the energy
transfer from electronically excited MePTCDI molecules to MoS; as the
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result of a direct electron-hole pair generation in the solid by the molecular
near field.

AEmol = 2.3eV

/‘
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Fig. 60: Sketch of the MoS, band structure along the most important crystallographic
axes of symmetry in the Brillouin zone (ref. [50] for details). The MePTCDI
molecule-semiconductor energy transfer mechanism is illustrated: on MoS, the
emitter energy (hw=2.32eV) lies above the onset of the direct band transi-
tion (fiw=1.95€eV) in MoS,; the SDK model predicts that the near field of
the molecule can directly produce e-h pairs in the solid. Consequently, a non-
radiative excitation transfer from the MePTCDI molecule to the MoS, substrate
takes place, resulting in a reduction (according to the distance d) of the molec-
ular fluorescence lifetime.

Using the SDK model and the knowledge of the MoS,; band structure it is therefore
possible to extend the interpretation of the experimental results based only on the CPS
model; in comparison with the phenomenological description by the CPS model, the
application of the SDK one allows to justify the observed molecular lifetime shortening
by introducing a mechanism for the energy transfer. This is shown in fig. 60.

Fig. 60 shows both the sketch of the band structure along the most important axes of
symmetry of MoS, lattice (after [50]) and the SDK mechanism to explain the observed
transfer. Since the MePTCDI energy does exceed the band gap of MoSs,, the excited
molecule can promote an electron from valence to conduction band by a mechanism
similar to the Forster dipole-dipole interaction [154]: in this case the ‘donor’ dipole is
the transition dipole of the de-exciting MePTCDI molecule, the ‘acceptor’ dipole is the
non-radiatively induced electron-hole pair in the solid.

It is possible to describe the case of MePTCDI on MoS, by a combination of CPS and
SDK model:

a.) When the separation between molecule and substrate is sufficiently large (d ~ 30-
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70 A) both CPS and SDK model predict a d 2 distance dependence of the energy transfer
rate: on the basis of this coincidence the quantitative description of the observed molecular
lifetime shortening through the CPS model (fig. 49) turns out to be successful.

b.) When the separation d becomes shorter, the energy conservation condition (eq. 32)
in the SDK model truncates in k-space the contributions to energy transfer probability,
therefore reducing the shortening effect with respect to what is predicted by the CPS
theory: as seen in the earlier paragraph and in fig. 57, the amount of the deviation from
CPS model predictions depends mainly on the value of excess energy A.

When, as in the present case, the MePTCDI molecule emission lies above the band
edge of the MoS, semiconductor by A =0.35-0.40€V, from fig. 57 it is possible to estimate
that the distance d under which the SDK model predicts a deviation from the d =3 curve
is ~20—30A.

On MoS,, as discussed in § 8.3 (fig. 49), a deviation from the d? curve is actually found
for distances under ~ 30 A; however just under this value of d, the lifetime measurement is
strongly affected by the limited time resolution of the system. It is not therefore possible
to ascribe with certainty this discrepancy to the deviation of the energy transfer rate from
the d =3 curve as predicted by the SDK model.

It is however possible to state that the mechanism responsible for the energy transfer
from MePTCDI to the MoS, semiconductor is the creation of electron-hole pairs in the
substrate by the near field of the electronically excited molecules.

8.7.2 MePTCDI on Si(111):H: description by the SDK model

In this paragraph the SDK model is applied to interpret the fluorescence dynamics of the
MePTCDI molecule on Si(111):H. As seen in § 8.4, the CPS model fails in describing the
experimental results in the range of small distances (fig. 53).

In contrast to the case of MePTCDI on MoSy, when the MePTCDI molecule is de-
posited on Si(111):H the molecular emission energy (FEuyo =2.32€V) is smaller than the
direct band gap of silicon (3.4eV) and larger than the indirect band gap (1.16eV).

The excitation of the silicon substrate can take place radiatively and non radiatively,
depending on the actual spatial separation between molecule and substrate.

— Excitation of the solid by the radiative field of the emitter.

In the far-field range, the electronic transitions across the gap are induced by the radiative
field of the molecule; they take place only with phonon assistance, since optical transitions
are ‘vertical’. The promotion of an electron from valence to conduction band above the
indirect gap happens by emitting or by absorbing a phonon (with wave vector k) to
conserve the momentum in the transition, as exemplified in fig. 58(a).
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This mechanism is actually taken into account by the CPS model, since the phonon-
assisted transitions contribute to the optical absorption of silicon, which turns out to be
non-zero also below the onset of the transition across the direct band gap (in fig. A.3,
tail of the dashed curve below 3.4eV). Nevertheless, in the short distance regime, it is
not possible to describe the fluorescence lifetime shortening by the CPS model (fig. 53):
evidently the energy transfer mechanism is different from that phenomenologically taken
into account by this model via the dielectric function of the material.

— Excitation of the solid by the non-radiative field of the emitter.

When the excitation of the solid takes place no more via the radiative field of a source
placed far from the substrate, but by the non-radiative field of an electronically excited
MePTCDI molecule deposited very near to silicon surface, the SDK model predicts that
the high-wave vector components of the molecular near field can promote an electron from
valence to conduction band of silicon via a non-vertical electronic transition across the

gap, without phonon assistance (fig. 61, slanted arrow).

corresponding
phonon
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AE(k=0) = 3.4eV AEmol = 2.3eV kphcxon K o e |
neafield } Egep = 1.16eV
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Fig. 61: Sketch of the band structure in silicon along the most important axes of sym-
metry in the Brillouin zone [156]. The MePTCDI molecule-semiconductor en-
ergy transfer mechanism is illustrated: below the onset of the direct electronic
transition at 3.4eV, the absorption of a photon usually requires simultaneous
scattering of a phonon to conserve the momentum. Nevertheless, at very short
separations, the SDK model predicts that the near field of the dipole can di-
rectly excite non-vertical electronic transitions across the gap and in this way
efficiently transfer the excitation to the substrate.

Since such a process is possible only when the molecule is physically placed in prox-
imity of the solid, it does not contribute to the value of the optically measured ¢(w) of
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silicon [150] and consequently it is missed in the CPS model.

The molecular fluorescence lifetime shortening consequence of non phonon-assisted
band transitions is expected to exhibit a different distance dependence than that expected
by applying the CPS model.

This aspect is considered in fig. 62: the normalized MePTCDI fluorescence lifetime
(a=Tus/T0) is plotted as a function of the distance from the silicon substrate (x-scale:
4—200 A). The CPS curve calculated using the parameters for silicon (corrected for low
temperature) and the curves predicted by the SDK model for the present case are also
reported.

The complete set of fluorescence lifetime data can be then interpreted as follows. At
sufficiently large distances (d >100A), the observed modulation of the molecular lifetime
a has to be ascribed almost entirely to the interference effect (much as on silver, fig. 39). In
this distance domain, the CPS model (thin continuous line) is found to describe adequately
the experimental data.

At intermediate distances (15 A < d < 50 A), a discrepancy (estimated almost one order
of magnitude at 15A) between the data and the CPS model expectations is observed:
inside this range of distances the phenomenologic description of the CPS model starts to
fail.

In the same distance range, the SDK mechanism for the fluorescence lifetime shortening
is based on the molecular near field induced non-vertical electronic transitions across the
gap. The thick continuous line shows the d* dependent curve for a; notably the vertical
offsetting of the curve is a function of the band masses and of the band structure of the
solid and its position is critically affected by the assumptions of the model. At shorter
distances (d <15 A) a weaker dependence is expected, i.e. a deviation (up to one order of
magnitude) from the d* curve, depending on the parameters of the system (dashed line).

In the small distance range, both models overestimate the lifetime shortening effect.
At minimum distance (d=5.7 A, indicated by ‘min’ on the x-scale) a fluorescence lifetime
value of a = 145 ps is observed, whereas a value of a ~ 7 ps is expected (at low temperature)
according to CPS d3 curve and a value of a ~ 1045 ps according to the SDK model.

Whereas the phenomenological CPS model fails in the description of the lifetime short-
ening effect, the SDK model provides a mechanism to justify the observed dependence
and permits to give a crude qualitative description of the experimental data, although
still with a large discrepancy in absolute value.

However, the grade of success of these theoretical models is strictly joint to the validity
of the approximations, on which the models are based. In particular, below few tens of
angstroms the point-dipole approximation is no more correct and it would be necessary to
account for the finite dimensions of the emitter. Furthermore, the surface of the substrate,
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Fig. 62: MePTCDI on Si(111):H: normalized fluorescence lifetime data, CPS curve cal-
culated for a parallel MePTCDI molecule (thin line) using the parameters of
Si(111):H and curve derived by the SDK model (thick line). The CPS model
calculations describe the data down to distances of ~50A. Below, the SDK
predicts that molecular near field induces non-vertical band transitions in the
semiconductor: the mechanism brings about a quartic distance dependence in
the observed lifetime (a~d*). At extremely small distances (min <d < 15A),
energy conservation causes a deviation from such a trend (- ——). With ‘min’
the minimum distance (5.7 A) from Si(111) surface is indicated.

described as infinitely extended and flat, presents in reality finite dimensions, a grade of
roughness and a certain density of defects. The substrate, considered as a continuous
medium characterized only by its macroscopic dielectric function, exhibits actually a
wave vector dependent response. The modellization of the boundary interface between
the substrate and the surrounding media is indeed object of a series of theoretical studies
finalized to overcoming the existing approximations [40]. On the other hand, the SDK
model has been developed starting from rather strict initial assumptions [13], too. It
is not very flexible and difficult to apply to the numerical solution of general problems,
taking into account defined semiconductor band structure.
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Comparison with the results of precedent researches

As briefly reported in § 1.1.4, the experimental activity concerning the study of the inter-
action between organic molecules and semiconductors has been up to now very limited.
The experimental results of the present work carried out on silicon substrate can be
compared with those of Hayashi et al. [39], Alivisatos et al. [24], Sluch et al. [42] and
Gomez [43].

In the first case, the fluorescence intensity of thick films of tetracene, separated from
Si by LiF spacer layers, was measured between 20 A < d <400 A and analyzed by using
the CPS model. A very large discrepancy was observed: the fluorescence intensity was
quenched two order of magnitude more than expected. The presence of a strong intra-
layer excitation transfer component, however, did not allow to correctly estimate the
molecule-substrate transfer rate.

In the second case, the fluorescence lifetime of submonolayer films of pyrene on Si(111)
(Xe as spacer layer) was measured for just three distances (17, 28 and 196A). An intra-
layer excitation transfer was observed in addition to the transfer to the Si substrate,
making the results somewhat inconclusive; a slightly faster dependence on the distance
with respect to the CPS model predictions was obtained.

Sluch et al., making use of the Langmuir-Blodgett technique to separate palmitic acid
from Si, studied the distance dependence of the fluorescence intensity in a range between
25 A and 200 A. A deviation (weaker dependence, less quenching) was noted for separa-
tions below 50 A in comparison with the CPS model expectations.

Goémez studied the fluorescence lifetime of MePTCDI films of different thickness (be-
tween 1 and 50 ML) deposited on Si(111):H. By a numerical integration on the film thick-
ness, he was able to estimate the excitation transfer rate to the substrate as a function
of the film thickness and to compare the value with the expectations of the CPS model.
He found a good agreement for thicknesses down to ~ 6 ML (~30A) and more than one
order of magnitude deviation (less quenching) for smaller thicknesses.

The present results confirm the observations of Sluch et al. and Gémez, whereas dis-
agree with the results of the first two groups. Nevertheless, in contrast with all the prece-
dent known researches, the isolated molecule approach followed during this work ensures
that each other excitation transfer process, competing with the direct molecule-substrate
interaction, is strongly reduced and at limit blocked.

The estimation of the fluorescence lifetime shortening effect turns out to be conse-
quently more reliable than in precedent researches, as the measurement of its value is no
more perturbed by the presence of any other deactivation process.
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The goal of this research was the study of the interaction mechanism between

electronically excited molecules and semiconductor substrates. Following the
isolated molecule approach, ultrathin molecular films (0.01 ML) of MePTCDI have been
deposited at helium temperature at nanometric and subnanometric distances ([0—500 A ])

on two prototypical semiconductors, MoS; and Si(111):H, making use of the spacer layer
technique to fix the distance and of ps-time resolved single photon counting methods to
measure the fluorescence signal.

By the isolated molecule approach, it is possible to stop the inter-molecular interaction
(and consequently the intra-layer transport) and measure directly the effects induced by
the presence of the substrate on the fluorescence properties of the molecule deposited
on top. During this work, for the first time the fluorescence lifetime of isolated organic

molecules was measured as a function of the distance from semiconductor substrates.

The treatments applied both to substrates and to argon layer and how they affect the
fluorescence properties of the sample have been extensively studied and the experimental
conditions accordingly optimized.

The main experimental results are summarized as follows.

- The electronically excited MePTCDI molecules deposited at a nanometric distance
from the semiconductor surface exhibit (both on MoS; and on Si(111):H) faster fluo-
rescence decays than the molecule in dilute solution (prototype of intrinsic molecular
fluorescence lifetime).

- The distance dependence of MePTCDI fluorescence lifetime as measured in the
range [0—500 A ] for MoS; and in [0—130 A ] for Si(111):H shows for the two semi-
conductors a quantitatively different lifetime shortening effect: on MoSs the fluo-
rescence lifetime is observed to be shortened more then two orders of magnitude
(from 3.951ns to 25ps), on Si(111):H more than one (down to 145 ps).

The theoretical model developed by Chance, Prock and Silbey (CPS) has been applied
to describe quantitatively the observed change in fluorescence lifetime upon molecule-
substrate distance variation.

Within this classical model the properties of the substrate are taken into account
phenomenologically by characterizing the solid through its dielectric function e(w) only,
without any microscopic description of the material and any indication to the interaction
mechanism.

The model predicts that at short separation d, the excitation transfer rate follows a
d~? functional dependence, independently from the nature of the solid. It is formally
correct to apply the CPS model (originally developed to describe the transfer to metals)
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to the study of the interaction between excited molecule and a semiconductor, making
use of the appropriate dielectric function.

The interaction mechanism is nevertheless physically different: in case of metals the
dielectric function is mainly contributed by the free electrons and the mechanism is related
to the coupling of the molecular near field to surface charge oscillations (surface plasmons);
on the contrary in case of semiconductors it is related to the coupling to the bound
electrons of the lattice.

On MoS,, the experimental dependence of the fluorescence lifetime is quantitatively
described by the CPS model (i.e. by €(w)) on the whole considered distance range.

On Si(111):H, the experimental dependence can not be described by the CPS model:
at minimum distance, a deviation of more than one order of magnitude in fluorescence

lifetime between model predictions and experimental data is observed.

A further semi-classical model specifically developed for (direct/indirect) semiconduc-
tors by Stavola, Dexter and Knox (SDK) allows to explain the observed molecular lifetime
shortening by introducing a mechanism for the energy transfer. It provides a qualitative
description of the distance dependence of molecular fluorescence lifetime, taking into ac-
count characteristics of the semiconductor band structure.

The results have been interpreted by the SDK model as follows.

MoSs—Prototypical case in which the molecular emission energy exceeds the semiconduc-
tor direct band gap. The near field of the molecule can non-radiatively excite an electron
from the valence band to the conduction band in the semiconductor, by a dipole— (induced
e-h) dipole mechanism and in this way transfer its excitation to the solid. The process
is effective for distances less than 300 A. The transfer rate is predicted to exhibit a d =3
dependence (like in CPS model). At short distances (d <50 A), depending on the excess
molecular energy a deviation from this dependence is predicted, but not experimentally
observed because of time resolution limits.

Si(111):H—Prototypical case in which the molecule emission energy does not exceed the
semiconductor direct band gap. The near field of the molecule can nevertheless excite
non-vertical transitions by its distribution of wave vectors, without phonon assistance
and hence can be effective in creating e-h pairs. Such mechanism is predicted to exhibit
a d~* dependence for the transfer rate. At very short distances (d < 25A), depending on
the excess molecular energy a deviation from this dependence is predicted. Applying this
second model, the experimental data trend can be qualitatively mimed although with a
large discrepancy in the absolute value.
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A.1 Interband transitions and the dielectric function of Ag,
MoS, and Si

In this section the experimental values of the dielectric function for Ag, MoS; and Si are
reported and the influence of the interband transitions on the dielectric properties of these
materials discussed.

These values have been used within the calculation of the CPS curves (fig. 39,
fig. 48— 49 and fig. 53), within the calculation of the energy transfer rate parameter
Bw) (fig. 43, fig. 55 and fig. 51) and in that of the dissipated power of excited dipole
(fig. 45, fig.52 and fig.56).

The values for Ag were published by Johnson and Christy [135], those for Si by Aspnes
and Studna [150] and those for MoS; by Sobolev and Sobolev [51]. The measurements
were carried out at room temperature through various techniques (see the respective
references for details).

Dielectric function of Ag

Fig. A.1 shows, in the range [2—6eV ], the real and the imaginary parts of the di-
electric function of Ag: both experimental curve and model curve (calculated using
the Drude’s model (eq. 17) with plasmon energy fiw,=9.14eV and relaxation time
7=1/6=31-10""5[140]) are here plotted to evidence the importance of the contribution
of the interband transitions to determine the form of &(w).

In real metals in fact, beside the contributions from free electrons (adequately described
by Drude’s model), the effects of interband transitions on the response of the metal have
to be carefully considered. If for alkali metals, e.g. sodium and potassium, interband
transitions do not affect the dielectric function in the visible range because the energy
of the band gap is large, in the case of noble metals such as silver, copper and gold the
influence of interband transitions from the narrow filled d bands well below the Fermi level
into the sp conduction band cannot be ignored [143] [144, p.168]: in these three materials,
the transitions turn out to be the 4d — 5sp, 3d — 4sp and 5d — 6sp respectively, whereas
the free electrons are in the 5s, 4s and 6s states [140]. In the case of copper and gold the
interband transitions are in the visible range (for this reason these metals are coloured),
while for silver, although the absorption edge is in the ultraviolet, it affects the dielectric
function in the visible range very much.

Fig. A.1 shows clearly this effect for Ag: the experimentally determined dielectric
function is plotted as a continuous line, whereas the modelled one as a dashed line. The
real and imaginary part of e(w) are separately reported.
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Fig. A.1: Dielectric function e(w) of Ag: real part (below) and imaginary part (above),
either experimentally determined [135] (——) or theoretically calculated by
the Drude’s model (— ——). See text for details.

Imaginary part - The imaginary part of the experimental dielectric function is correctly
described by a Drude’s model only for energy below ~ 3.8eV: above this threshold the
description fails. At this energy the interband transition 4d — 5sp takes place; since
Im(e(w)) is proportional to absorption of the solid, its higher value at energies above
this threshold indicates that the contribution to e(w) from transitions across the gap
becomes dominant and the description of ¢(w) only by the free electron is inadequate.
The dielectric function of a real metal is generally better approximated by the sum of

contributions from free electrons and from interband transitions.

Real part - Re(e(w)) from Drude’s model (- — —) remains negative in the whole con-
sidered range and it crosses the ¢ =0 line at fiw, =9.14eV (out of the range shown in the
figure); w, is the plasma frequency (according to eq. 19) and it depends only on the free
carrier density n (in Ag, n=>5.86-10%2cm® [147)).

The experimental curve (—— ) shows, differently from the model one, an appreciable
modulation. Just the transitions from d-bands to regions of high density of states above
the Fermi level are responsible for these structures. They are superimposed on a free
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electron component and the resulting £(w) curve appears vertically offset.

For this reason, the point ‘A’ at which Re(e(w)) crosses zero (at energy hiw,) is strongly
red-shifted down to fuw, = 3.80eV. Although the condition e(w) =0 is satisfied, the zero-
cross frequency w, is actually something different from a real ‘plasma frequency’ w,: this
latter is exclusively defined by the free carrier density, independently from any band
structure information, whilst the former is drawn out from a macroscopic function that
takes into account contributions of various nature. The real plasma energy remains at
fw,=9.14eV (where the (- — —) crosses the zero line) independently from any other
contribution and the two coincide only if the interband transitions are neglected.

This aspect, although pointed out in earlier papers (see for example Johnson and
Christy [135]), is usually disregarded in literature and together with a misleading on the

definition of w, generates confusion also in well known review papers.

Energy transfer rate in presence of interband transitions

As shown in § 7.1, in the frame of the CPS theory it is possible to express the energy
transfer rate between excited emitter and substrate by the parameter 5(w), with w the
frequency of the emitter. [(w) depends (eq. 16) on the dielectric function both of the
substrate and on that of the medium in which the emitter is embedded. On metals,
as discussed at p. 103, a strongly enhanced energy transfer (peak of J(w) in fig. 43)
is predicted when the emitter frequency approaches the resonance frequency of charge
density oscillation modes on the metal surface.

The frequency of these resonances is strictly dependent on the dielectric properties
of the interface: the modulation induced by the interband transitions on the dielectric
function of the substrate drastically affects the energy transfer rate of an excited emitter.

To make an example, the interface between an argon layer (medium 1, £; =1.68, near
w-independent) and a Ag substrate (medium 2, e5(w)) is explicitly considered.

The £3(w) can be described either by an experimental dielectric function (that takes
into account also the interband transitions) or by a simple free electron function.

In fig. 43, the predicted energy transfer rate $(w) is plotted using the model function
(black line) and using the experimental one (grey line). Remarkably, the curves show

resonances at two very different energies.

According to eq. 25, the function (w) is found to show a resonance at wy so that the
condition e9(ws) = —e1(ws) is fulfilled. In the present case, a peak is predicted when
£2(wy) = —1.68.

Such a condition is fulfilled at two different energies, when the two expressions for
£o9(w) are used: the model function crosses actually the line —1.68 at fiw,, = hiw, =5.58 eV,
whereas the function that takes into account the interband transition contributes crosses
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the line at uw=3.56eV. In fig. A.1 these two energies are indicated by the letters B and
C, for the experimental and model dielectric function, respectively. Such crossing points
obviously indicate the positions of the resonances in fig. 43.

This demonstrates how the presence of interband transitions modulation in the di-
electric function of the metal affects drastically the frequency dependence of the energy

transfer rate.

Since the condition that determines the resonance in (w) holds for any form of ¢(w)
(not depending this expression on an particular model of dielectric function, but just
directly coming from Maxwell’s equation), it continues still to have a physical meaning
also when the solid is described by a experimental dielectric function, therefore contributed
also by the interband transitions.

Dielectric function of MoS,
Fig. A.2 shows the dielectric function of MoS,, in the energy range from 1.0 to 4.0eV.
The onset of the transition across the gap is visible in Im(e(w)) at fiw ~ 1.8 V.
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Fig. A.2: Frequency dependent real (——) and imaginary (— — —) part of dielectric

function for MoS, (after [51]).



152 A APPENDIX

Dielectric function of Si(111)
Fig. A.3. shows the dielectric function of Si, in the energy range from 1.5 to 6.0eV. The
onset of the transition across the gap is visible in Im(e(w)) at fuw ~3.2eV.
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Fig. A.3: Frequency dependent real (——) and imaginary (———) part of dielectric

function for Si (after [150]).
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