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Abstract

We employ a variant of optical absorption spectroscopy, namely in situ dif-

ferential reflectance spectroscopy (DRS), for an analysis of the structure–

properties relations of thin epitaxial organic films. Clear correlations between

the spectra and the differently intense coupling to the respective substrates are

found. While rather broad and almost structureless spectra are obtained for a

quaterrylene (QT) monolayer on Au(111), the spectral shape resembles that of

isolated molecules when QT is grown on graphite. We even achieve an efficient

electronic decoupling from the subjacent Au(111) by inserting an atomically

thin organic spacer layer consisting of hexa-peri -hexabenzocoronene (HBC)

with a noticeably dissimilar electronic behavior. These observations are fur-

ther consolidated by a systematic variation of the metal substrate (Au, Ag, and

Al), ranging from inert to rather reactive. For this purpose, 3,4,9,10-perylene-

tetracarboxylic dianhydride (PTCDA) is chosen to ensure comparability of

the molecular film structures on the different metals, and also because its elec-

tronic alignment on various metal surfaces has previously been studied with

great intensity. We present evidence for ionized PTCDA at several interfaces

and propose the charge transfer to be related to the electronic level alignment

governed by interface dipole formation on the respective metals.

Kurzfassung

Zur Analyse der Struktur–Eigenschafts-Beziehungen dünner, epitaktischer Mo-

lekülfilme wird in situ differentielle Reflexionsspektroskopie (DRS) als Varian-

te der optischen Absorptionsspektroskopie verwendet. Klare Zusammenhänge

zwischen den Spektren und der unterschiedlich starken Kopplung zum jewei-

ligen Substrat werden gefunden. Während man breite und beinahe unstruk-

turierte Spektren für eine Quaterrylen (QT) Monolage auf Au(111) erhält, ist

die spektrale Form von auf Graphit abgeschiedenem QT ähnlich der isolierter

Moleküle. Durch Einfügen einer atomar dünnen organischen Zwischenschicht

bestehend aus Hexa-peri -hexabenzocoronen (HBC) mit einem deutlich unter-

schiedlichen elektronischen Verhalten gelingt sogar eine effiziente elektronische

Entkopplung vom darunter liegenden Au(111). Diese Ergebnisse werden durch

systematische Variation der Metallsubstrate (Au, Ag und Al), welche von in-

ert bis sehr reaktiv reichen, untermauert. Zu diesem Zweck wird 3,4,9,10-

Perylentetracarbonsäuredianhydrid (PTCDA) gewählt, um Vergleichbarkeit

der molekularen Filmstrukturen zu gewährleisten, und weil dessen elektron-

ische Anordnung auf verschiedenen Metalloberflächen bereits eingehend un-

tersucht worden ist. Wir weisen ionisiertes PTCDA an einigen dieser Gren-

zflächen nach und schlagen vor, dass der Ladungsübergang mit der elektronis-

chen Niveauanpassung zusammenhängt, welche mit der Ausbildung von Gren-

zflächendipolen auf den entsprechenden Metallen einhergeht.



F §r Andrea.
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1 Introduction and Motivation

Research carried out in the field of organic thin films is essentially stim-

ulated by their potential applications in molecular electronics. Layers a few

nanometers thick piled up in sequential structures are especially interesting

since organic photovoltaic devices (OPVDs) [1, 2] and organic light-emitting

diodes (OLEDs) [3] based on this architecture have already been realized and

are expected to gain market share rapidly [4].∗ Present devices comprise a mul-

titude of junctions between molecular layers and metal or conductive polymer

electrodes as well as between adjacent layers consisting of different molecu-

lar species [5–9]. One declared goal is to keep the thickness(es) of the ac-

tive region(s) reasonably low since the operational capabilities are determined,

amongst other things, by the rather inefficient charge carrier transport [10] and

by the creation and separation of excitons whose diffusion lengths are rather

small [11–13]. Consequently, interface effects compete with the bulk properties

of the utilized substances to a large extent. Epitaxial growth [14–21] facili-

tates the formation of well-defined interfaces allowing one to explore processes

that are specifically hard to address by other fabrication procedures, typically

leading to polycrystalline or even amorphous structures. The resulting struc-

tural imperfections, especially grain boundaries, can obscure the underlying

physical interface effects.

The examples named above for up-to-date devices rely on the conversion

between light and free charge carriers. The interplay of electronic and optical

properties of organic semiconductors is therefore of accentuated importance.

While the lowest unoccupied molecular orbital (LUMO) and the highest oc-

cupied molecular orbital (HOMO) of the respective molecular compounds can

be examined using photoelectron spectroscopies [22–26], optical spectroscopy

can clarify the light absorption and emission behavior.

In addition, optical techniques are especially suitable for structural exam-

inations, as they are mostly non-intrusive and can hence be applied in situ as

a real-time monitoring method for the growth of molecular thin films, even in

the case where the optical properties of the organic materials are not of great

significance, such as in organic field effect transistors (OFETs) [27, 28].

∗The actual state of affairs on“market strategies for organic and printable electronics”can
be found, e.g., in the magazine ‘+PlasticELECTRONICS’ (IntertechPira, ISSN 1755-9693).

http://www.plusplasticelectronics.com/
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The alignment of conjugated disk-like (i.e., planar) molecules is one of the

key factors for the performance of associated organic electronics devices. As

a consequence of the anisotropic growth behavior of many molecules, it is

often observed that the physical properties, such as the conductivity or the

absorption of light, are also highly anisotropic and can differ substantially

between ordered arrays and amorphous structures of the same compound.

Let us consider here the formation of molecular stacks being arranged either

parallel or perpendicular to the substrate surface, as visualized in Figure 1.1. If

the conductivity (enhanced by an efficient orbital overlap) along such stacks is

greater than in the other directions, the desired molecular arrangement would

be upstanding (i.e., “edge-on”) for a conducting channel in an OFET with

source and drain electrodes at both ends of the stacks, whereas flat-lying (i.e.,

“face-on”) molecules sandwiched between top- and bottom-electrodes would

be preferred for an OPVD [29]. Yet, in all scenarios contacts between the

active organic region(s) and metal or conductive polymer electrodes for charge

injection are inevitable.

Field Effect Transistor: “edge-on”

vs.

Photovoltaic Device: “face-on”

Figure 1.1: Schematic illustration of two prototypical organic electronics devices.

Disks represent the planar molecules which are assumed to exhibit a cofacial stacking

growth behavior in these examples. Reproduced from Ref. [29].

When molecules are adsorbed on metals, several processes may occur that

originate from the interaction of the molecular orbitals with the electron dis-

tribution in the proximity of the surface [22]. These processes are often sum-

marized as metal–organic “coupling” and can take one or more of the following

forms:
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• Rearrangement of the electron cloud right outside the metal surface, i.e.,

metal electrons are “pushed back”,

• Chemical interaction, i.e., strong influence on the molecular and surface

geometries resulting in the formation of (covalent) bonds,

• Formation of interface states that can emerge in the previously forbidden

energy gap of the molecule,

• Charge transfer (CT) between substrate and adsorbate,

and possibly a few more [22]. The strength and in part also the direction

of these effects as well as the interplay between them strongly depend on

the molecule–metal combination and, additionally, on the specific structure(s)

formed.

In this thesis, we intend to convince the reader that the impact of these

phenomena can be probed by means of surface-sensitive optical absorption

spectroscopy. After a short introduction of the molecular substances and a re-

view of the basic principles of the methods and devices employed (Chapter 2)

we will present and discuss our experimental results. In Chapter 3, particular

attention will be paid to the interface formation between a planar polycyclic

aromatic hydrocarbon (PAH) and a variety of surfaces ranging from conduc-

tive to insulating. A hierarchical order shall be established for the observed

electronic coupling strength, and we will provide evidence that this coupling

can be efficiently suppressed by an atomically thin spacer layer comprising

exclusively organic molecules of a different kind. A consequent extension of

the optical observation of electronic coupling shall be provided in Chapter 4

for a variety of metal surfaces ranging from inert to rather reactive. There,

we present clear optical evidence for ionized aromatic molecules at several in-

terfaces and propose the CT to be related to the electronic level alignment

governed by interface dipole formation on the respective metals. Finally, gen-

eral conclusions drawn from our results will be summarized in Chapter 5.





2 Materials, Methods, and

Devices

At the beginning of this chapter, the molecular species used in this the-

sis shall be briefly introduced. The optical properties of organic molecules

composed of benzene units will further be explained. Given that the primary

technique used in this work is the optical differential reflectance spectroscopy

(DRS), we will provide a basic description of thin film optics. Some mathemat-

ical derivations will be inevitable in order to establish a link between the DRS

and the complex dielectric function of a thin organic film deposited on some

sort of substrate. The experimental realization will be specified in detail and

briefly compared to related techniques. Supporting methods for the structural

and electronic characterization of thin organic films will also be introduced.

Epitaxial thin film growth will be elucidated and classified at the end.

2.1 Molecular Substances Used

Since the frequent use of acronyms is inconsistent among different communities

and sometimes rather arbitrary, a compilation of the chemical formulas as well

as of the most important classifiers for the molecular species used here is shown

in Table 2.1.

From the vast number of organic molecules, these examples were chosen due

to their outstanding ability to form epitaxial thin films on a variety of sub-

strates. Especially 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA)∗

has emerged as the prototypical compound for many researchers working in the

field of organic epitaxy [15, 19, 32–40]. Likewise, hexa-peri -hexabenzocoronene

(HBC)† and quaterrylene (QT)‡ are known to grow as highly ordered films,

which is strongly desired for the investigation of specific interface effects, but

also for the fabrication of organic–organic heterostructures [41–43]. All three

of them exhibit dissimilar optical and electronic properties and very different

crystal structures [44–46], which is particularly beneficial for the investigation

∗Purchased from Sigma-Aldrich.
†Supplied by Prof. K. Müllen, MPI für Polymerforschung, Mainz, Germany.
‡Purchased from Dr. W. Schmidt, Institut für PAH-Forschung, Greifenberg, Germany.
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of the structure–properties-relations, being one of the central aspects of sur-

face science. Two molecules derived from PTCDA, namely PBI and DBPI,

are also shown in Table 2.1 for the sake of completeness, since their previously

published optical absorption spectra are later shown in comparison.

PTCDA and HBC were purified prior to usage via several cycles of tempera-

ture-gradient vacuum sublimation (CreaPhys GmbH, Dresden, Germany). QT

was used as provided. After transferring the materials to the growth chamber,

they were thoroughly degassed in vacuo for several hours slightly below the

sublimation temperature. This procedure allows for an efficient and reliable

removal of remaining contaminants with smaller molecular weight.

2.2 Optical Properties of Organic Molecules

2.2.1 Aromatic Compounds

An outstanding property of carbon (electron configuration: 1s2 2s2 2p2) is

its ability to form hybrid orbitals that can be described as a mixture of the

2s and 2p atomic orbitals, possibly with different respective contributions. In

“sp2-hybridization”, a total of 3 sp2-orbitals per C atom is formed which are all

aligned in one plane, while 1 p-orbital perpendicular to this plane is left over

(therefore named pz-orbital). The sp2-orbitals of adjacent atoms in a molecule

overlap, thereby forming σ-bonds (Figure 2.1). The electrons in the pz-orbital

may also overlap, thereby forming π-bonds which can delocalize across adjacent

sp2-hybridized atoms (“conjugation”). Due to the degeneracy of the pz- and

sp2-orbitals of adjacent C atoms, energy level splitting occurs in a conjugated

molecule (Figure 2.2). The energy gap between bonding and antibonding σ-

orbitals is rather large. In contrast, the energy level splitting of the π-orbitals

H H

H

H

H

H
a) b) c) d)

Figure 2.1: Schematic depiction of the aromaticity of benzene, C6H6, in pseudo-3D

perspective. a) The 18 sp2-hybridized orbitals of the 6 C atoms in hexagonal (planar)

alignment. These so-called σ-bonds are drawn in yellow, while H atoms are sketched

as white spheres. b) The 6 remaining pz-orbitals of the C atoms are perpendicular to

the molecular plane and drawn here in red and blue, representing different signs of the

wavefunctions. c) Illustration of the delocalization of the pz-orbitals forming so-called

π-bonds. d) Simplified chemical formula where the ring in the hexagon symbolizes the

delocalized π-electron system. The images (a) - (c) were created using the open-source

software Jmol [47], available at http://jmol.sourceforge.net/.

http://jmol.sourceforge.net/
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6x pz

18x sp
2 bonding ( )p EV

antibonding ( *)p EC

Figure 2.2: Schematic energy diagram of benzene, cf. Ref. [48]. The 6 C atoms

possess 1 pz-orbital and 3 sp2-hybridized orbitals each. Due to the degeneracy of these

states, energy level splitting occurs when orbitals of adjacent C atoms overlap, thereby

forming bonds. The lowest-energy (bonding) molecular orbitals are occupied with elec-

trons, while higher-energy (antibonding) orbitals are unoccupied. EV and EC indicate

the analogy to the valence band energy and the conduction band energy, respectively,

in extended conjugated systems.

is much smaller and noticeably closer to the visible spectral range. In general,

this energy gap becomes even smaller for increasing conjugation, i.e., for larger,

more delocalized π-systems [48]. A conjugated “chain” of 6 C atoms may form

a closed hexagon saturated by 6 hydrogen atoms. Such a planar C6H6 molecule

(benzene, cf. Figure 2.1) is the basic building block of“aromatic”dyes, compare

Table 2.1. Many characteristics of aromatic compounds can be attributed to

the behavior of semiconductors because of their characteristic energy level

structure forming bands in extended systems. Especially planar molecules are

often characterized by a preferential arrangement of the conjugated framework

in molecular aggregates, i.e., in the bulk crystal structure. This may lead to a

coplanar alignment of the π-electron system with the possibility to enhance the

intermolecular coupling, causing remarkable electronic and optical properties.

For instance, the charge transport is often band-like in organic crystals, with

high mobilities even at room temperature [10, 49]. The corresponding optical

properties shall be explained in the following, where we establish a link between

the behavior of single molecules and aggregates.

2.2.2 Single Molecules

A first approach to a thorough optical characterization of a molecular com-

pound would be the determination of its “single” molecule properties. When

we speak of single molecules or monomers, we actually mean an ensemble

of isolated units. Isolation can be obtained, for example, by embedment in a

liquid droplet or in a solid matrix at very low temperatures [50, 51], or in stan-

dard solvents at moderate temperatures and low concentrations [52, 53]. Even
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in very dissimilar environments, one often observes a characteristic spectral

“fingerprint” of the molecular absorption (cf. Figure 2.3) whose origin shall be

explained in the following. The argumentation given here follows closely the

reasoning proposed in Ref. [49].

2.0 2.5 3.0 3.5

0.0

0.5

1.0

700 600 500 400

Energy (eV)

Wavelength (nm)
A

b
s
o

rp
ti
o

n
 (

a
rb

. 
u

n
it
s
) in Xe at 20 K

in CH Cl2 2 at 293 K

in DMSO at 293 K

O

O

O

O

O

O

Figure 2.3: Normalized optical absorption data of PTCDA (inset: skeletal formula)

in different environments, as reported before: (i) dissolved in dimethyl sulfoxide (DMSO)

at 293 K [52], (ii) dissolved in dichloromethane (DCM, CH2Cl2) at 293 K [53], and (iii)

embedded in a Xe-matrix at 20 K (photoluminescence excitation spectrum) [51]. The

corresponding peak positions are shifted with respect to each other on the energy scale

(“solvent shift”). Furthermore, one can see that here the full width at half maximum

(FWHM) in standard solvents at room temperature is comparable to that in a noble gas

matrix at a much lower temperature. This confirms that the respective experimental

data shown here represent the spectral fingerprint of isolated molecules.

Born-Oppenheimer Approximation. Due to their much lower mass, the elec-

trons are able to almost immediately follow the movements (oscillations) of the

nuclei in an atom or a molecule. For this reason, one can separate the total

wavefunction Ψtotal into its electronic ψe and nuclear (vibrational χv, and ro-

tational ϕr) components:

Ψtotal = ψeχvϕr . (2.1)

The total energy can thus simply be expressed as a summation:

Etotal = 〈Ψtotal|He +Hv +Hr |Ψtotal〉
= Ee + Ev + Er . (2.2)
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This is a basic expression of the Born-Oppenheimer approximation. For the

molecules used in this work, the magnitudes of these energies are roughly

Ee : Ev : Er ≈ 1 eV : 0.1 eV : 0.001 eV [49]. The vibrational oscillations will

hence be visible as additional features in the optical spectra.

Molecular Orbitals and Excitons. The molecular orbitals are derived from

the square of the electron wavefunctions. In the view of the probability inter-

pretation, they represent the spatial distribution density of the electrons. In

the electronic ground state the orbitals are filled, or occupied, beginning with

the energetically lowest levels (compare Hund’s rules). The highest occupied

molecular orbital is denoted HOMO, the lowest unoccupied molecular orbital

is abbreviated LUMO. If one electron is added to (or removed from) a molecule

in closed-shell configuration, the resulting singly occupied molecular orbital is

labeled SOMO, meaning that the unpaired electron causes the molecule to be a

free radical. HOMO and LUMO are also called the frontier orbitals, and their

difference in energy ELUMO − EHOMO = Egap is sometimes called electronic

band gap, although strictly speaking, bands do not occur until a spatially

extended solid is formed. Here, we would like to emphasize that the optical

absorption process involves the creation of an exciton, i.e., a quasi-particle

consisting of an excited electron and a hole that exhibit a binding energy via

attractive Coulomb forces [48]. Hence, the electronic gap Egap and the optical

gap Eopt differ by the exciton binding energy Eexc which can sometimes be as

large as 1 eV [54]. Moreover, diffusion, confinement, and dielectric screening

of excitons in a solid are naturally to be distinguished from those of electrons

and holes, rendering a direct comparison of electronic and optical properties

rather difficult if not impossible.

Franck-Condon Principle and Stokes Shift. The schematic potential energy

curves of a molecular ground state S0 and excited state S1 are depicted in Fig-

ure 2.4. In the quantum mechanical picture, vibrational levels are associated

with these potential energies and their wavefunctions are those of harmonic

oscillators. Electronic transitions (absorption or emission, respectively) occur

on very fast time scales of usually . 10−15 s. During the transition, the nuclei

essentially remain at their initial positions, as their rearrangement typically

lasts 10−13 s due to their much greater mass. After the transition, the equi-

librium positions of the nuclei may be shifted, indicated by a displacement of

the potential energy curves with respect to the configuration coordinate Q in

Figure 2.4. For ordinary diatomic molecules, Q simply refers to the internu-

clear separation. Since electronic transitions are usually completed before the

rearrangement of the nuclei (i.e., ∆Q is practically zero), they are denoted as

vertical transitions, cf. Figure 2.4. This rule is known as the Franck-Condon

principle [49]. The absolute squared values of the overlap integral |〈χv′|χv′′〉|2
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Figure 2.4: Illustration of the Franck-Condon principle for the S0 → S1 transition,

after Ref. [49]. a) Simplified scheme of the absorption and emission processes. The

vibrational levels are denoted by v′ and v′′, respectively, and the corresponding proba-

bility functions are sketched. The excited potential S1 is shifted in the configuration

coordinate(s) with respect to the ground state S0. After excitation, a geometrical re-

laxation of the nuclei (and hence S1) takes place, yielding slightly different potential

energy curves and causing a Stokes shift (energy difference between 0–0 transitions in

absorption and emission). b) Resulting optical spectra with one effective vibronic pro-

gression measured for PTCDA dissolved in CH2Cl2 [53]. Note the almost perfect mirror

symmetry between absorption and emission. Compared to the absorption energies, the

Stokes shift of ≈ 0.035 eV is rather small and typical for such perylene derivatives.

between the wavefunctions of initial and final vibrational levels v′ and v′′, re-

spectively, are proportional to the intensity of each particular transition. They

are called Franck-Condon factors and determine the intensity distribution of

the vibronic progression. According to Kasha’s rule, the electronic distribu-

tion quickly relaxes to the lowest vibrational level, so that 0–N transitions are

actually observed, with N being an integer number. By combining these two
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principles, one can readily explain that absorption and emission are often sym-

metric in energy, presuming (almost) equal shapes of the ground and excited

state potential energy curves, as seen in Figure 2.4.

The vibrational structure of PTCDA monomers isolated in helium nano-

droplets (T ≈ 0.38 K) has been spectrally resolved in laser-induced fluores-

cence experiments [50]. The S1 ← S0 transition was shown to consist of a

large number of peaks with different intensities. A convolution of these lines

with Gaussian functions and a shift on the energy scale yielded a spectral

shape similar to the room temperature absorption measurements depicted in

Figure 2.3. Thereby the origin of the apparent single effective vibrational mode

of ∆Evibron ≈ 0.17 eV of dissolved PTCDA monomers could be explained.

The lifetime of the excited states is typically in the range of 10−11 to 10−7 s.

During this time, the nuclei can relax geometrically toward their new equilib-

rium positions, thereby reducing the total energy. For this reason, the 0–0

transition of the emission is usually at a slightly lower energy than that of the

absorption, and the energy difference between both is called Stokes shift.

2.2.3 Molecular Aggregates

In this section, we will qualitatively elucidate the principles of molecular ag-

gregation on the basis of a physical dimer, i.e., a pair of (identical) molecules

close to each other that do not form chemical bonds between themselves.

The Hamiltonian of a physical dimer consists of the separate Hamiltoni-

ans for each isolated molecule H1 and H2 plus a term V12 representing the

intermolecular interaction potential:

H = H1 +H2 + V12 . (2.3)

Assuming only weak interaction between both molecules, one can assume

the dimer wavefunction to be the product of the respective monomer wave-

functions. The ground state can be approximated as:

Ψg = ψ1ψ2 . (2.4)

Consequently, the ground state energy is just:

Eg = 〈ψ1ψ2|H |ψ1ψ2〉
= E1 + E2 + 〈ψ1ψ2|V12 |ψ1ψ2〉
= E1 + E2 +W , (2.5)

where E1 and E2 are the corresponding monomer ground state energies. W

denotes the Coulomb binding energy, which is negative for dimers, but positive

for excimers, i.e., a physical dimer with one of the molecules being electroni-

cally excited and the other one in the ground state.
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Figure 2.5: Physical dimer according to the Kasha model (schematic). a) Geometri-

cal description of the orientations of the two transition dipole moments M1 and M2 with

respect to each other. b) Energy shifts for different orientations of the transition dipole

moments of the dimer. The exciton band splitting energy is given by |E+−E−| = 2|β|.
The dimer state Ψ+ is lower in energy when β < 0. A parallel alignment of M1 and M2

leads to only one dipole allowed transition (solid arrows). This causes an effective blue-

shift (H-aggregate) or red-shift (J-aggregate), respectively, compared to the monomer.

Non-parallel alignment leads to band splitting. After Refs. [49, 55–57].

A particular excited state of molecule i shall be called ψ∗i . Because of the

interaction energy V12, the excitation energy is shared by both molecules, and

the excited wavefunction of the dimer can be written as:

Ψ± = c1 · ψ∗1ψ2 ± c2 · ψ1ψ
∗
2 . (2.6)

For indistinguishable molecules, the normalization conditions are fulfilled by

c1 = c2 = 1/
√

2, and the monomer excitation energies are identical (E∗
1 = E∗

2).

The excited state energies of the dimer are given by

E± = E∗
1 + E2 +W ∗ ± β , with (2.7)

W ∗ = 〈ψ∗1ψ2|V12 |ψ∗1ψ2〉 , (2.8)

β = 〈ψ∗1ψ2|V12 |ψ1ψ
∗
2〉 . (2.9)

The exciton band splitting energy follows from∣∣E+ − E−∣∣ = 2 |β| , (2.10)

2β =
2 |M|
r3

(
cosα+ 3 cos2 θ

)
, (2.11)

with the geometrical parameters illustrated in Figure 2.5 and a transition

dipole moment M of the dimer expressed by M± = 1/
√

2 (M1 ±M2) [49, 55].

Thus, positive and negative values of β are possible, and the splitting may

even vanish for specific orientations.

In this simplified reflection of the physical dimerization, we have neglected

configuration interactions. It becomes nevertheless obvious that the specific
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geometrical arrangement of molecular transition dipole moments considerably

affects the optical response of dimers and higher oligomers.

As a consequent further step it is necessary to provide a description of

excitations in molecular crystals. However, due to the manifold possibilities

of crystal structures and molecular orientations in the respective unit cells, a

general extension of the above argumentation to larger aggregates is not trivial.

However, a convenient approach to the understanding of optical processes in a

molecular bulk is offered by the class of quasi-one-dimensional crystals, which

in fact applies to a variety of planar aromatic molecules.

Monomer–Dimer–Oligomer Transition; Quasi-One-Dimensional Crystals.

For certain molecular species, such as PTCDA, the π-orbital overlap and hence

the intermolecular interactions along one crystal direction are significantly

stronger than along others. Consequently, the crystal can be regarded as a

two-dimensional array of one-dimensional stacks. In this special case we speak

of quasi-one-dimensional crystals with strong intermolecular orbital overlap,

which can be favorably addressed by established exciton theories [52, 58–61].

From the simple Kasha model, it already follows that a linear chain of N

identically oriented molecules leads to N -fold degenerate excited levels in the

non-interacting case. This degeneracy is lifted when an interacting term V 6= 0

is introduced for the crystal phase, causing the formation of a band of N states

with a maximum energy spread of 4 |β|, where β is the interaction energy be-

tween adjacent molecules (compare Equation (2.9)) [49]. In comparison with

the band splitting energy of the dimer being 2 |β|, we see that half the splitting

of an infinite chain is already present in the dimer. Other classical molecu-

lar crystals, such as anthracene, possess completely different structures with a

pronounced three-dimensional character exhibiting much weaker intermolecu-

lar overlap [62]. The resulting lowest excited states are called Frenkel excitons,

being essentially localized on one molecule, while charge transfer (CT) excitons

are only needed for the description of higher excited states or charge carrier

generation processes. For larger overlap, such as in quasi-one-dimensional crys-

tals, the Frenkel and CT exciton energies come closer to each other and can

mix rather strongly. This situation has been investigated in linear molecular

chains of variable length [61], in which exciton confinement effects are pro-

vided by the surface states, i.e., states localized at the outermost molecules of

the chains. The calculations revealed that for comparatively small numbers of

chain links (N ≥ 5) the bulk contribution dominates the surface states.

These theoretical considerations found an excellent experimental confir-

mation in the direct observation of the formation of solid state excitons in

ultrathin PTCDA films grown on cleaved mica by Holger Proehl et al. [32].

Figure 2.6 depicts an in situ differential reflectance spectroscopy (DRS) mea-

surement for various film thicknesses of PTCDA, recorded during film growth.
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As DRS is a variant of optical absorption spectroscopy (compare Section 2.3),

the spectra can be directly attributed to the absorption behavior.

Up to a surface coverage of 1 monolayer (ML) the spectra posses monomeric

character, comparable to absorption spectra of PTCDA in solution (cf. Fig-

ure 2.3), and simply rise in magnitude with increasing film thickness. The

three visible peaks (at 2.34, 2.52, and ≈ 2.70 eV, respectively) are attributed

to the energetically lowest (i.e., S0 → S1) transition, separated by a vibronic

progression of ∆Evibron ≈ 0.18 eV. Above 1 ML, a significant development sets

in: The ratio of the heights of Peak 1 (2.34 eV) and Peak 2 (2.52 eV) changes

considerably and the entire spectrum broadens noticeably. From there on, the

spectral shape transforms into that of the well-known (polycrystalline) film

structure. Beside those spectral modifications, it is intriguing to highlight the

occurrence of two isosbestic points in the set of DR spectra in the thickness

range from 1.0 to 1.9 ML. Isosbestic points indicate a characteristic equilib-

rium between two absorbing species [63], thereby yielding valuable information

about the growth mode of PTCDA: In a layer-by-layer growth regime, these

two species represent the monomer and the stacked dimer, respectively.

An explanatory approach requires the comprehension of the anisotropy of

the PTCDA crystal. The herringbone structure typically found in ultrathin

PTCDA films corresponds to the (102) crystal plane (often with a rather in-
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Figure 2.6: Thickness-dependent in situ differential reflectance spectra (DRS) of

PTCDA on mica illustrating the monomer–dimer transition. For comparison, an absorp-

tion spectrum of PTCDA dissolved in DMSO [52] is shown (dotted curve, not to scale).

Adapted from Ref. [32].
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significant misfit) in which the molecules lie flat [44]. The distance between the

nearest in-plane neighbors’ centers of gravity is quite large (≈ 12 Å). There-

fore, the interactions between the transition dipoles are rather weak and even

a densely packed PTCDA monolayer behaves optically like an ensemble of

monomers. Consequently, monomeric spectra are observed up to 1 ML cov-

erage. On the other hand, strong interactions of the overlapping π-electron

systems occur in the stacking direction, because the adjacent molecular planes

are separated by as little as 3.2 Å [44]. This π–π-interaction is overwhelmingly

stronger than the in-plane interaction, and hence PTCDA can be described

as a quasi-one-dimensional crystal. These circumstances readily explain the

observed spectral changes once the second PTCDA layer starts to grow: Ev-

ery molecule added to the second layer will contribute a dimeric signature to

the spectrum while simultaneously eliminating a monomeric signature. From

≈ 2 ML on, the DR spectra grow proportionally to the thickness again, now

being appreciably broadened. Peak 1 rapidly undergoes a rather strong red-

shift which is accomplished at a coverage of ≈ 4 ML (not shown here). The

comparatively broad Peak 2 splits into two bands (at 2.48 and 2.57 eV, re-

spectively) which remain at nearly constant energetic positions with further

increasing film thickness above 4 ML. Starting from a thickness of ≈ 2.3 ML,

the high energy shoulder of the spectra at 2.7 eV becomes less pronounced and

completely smears out when a coverage of 4 ML is reached. Thus, the dimer–

oligomer transition is essentially completed at 4 ML coverage. With further

increasing film thickness, the spectral shape is fully comparable to the spectra

known for much thicker PTCDA films (compare Refs. [15, 58, 64, 65]).

In summary, the PTCDA film growth on mica is a well-understood pro-

totype of the physical monomer–dimer–oligomer transition in the solid state,

which is considered to be a reference for the interpretation of the optical be-

havior of other molecular systems, as well.

2.3 Differential Reflectance Spectroscopy (DRS)

The differential reflectance spectroscopy (DRS) compares the reflected inten-

sity of a substrate covered with an adsorbate of thickness d (R(E, d)) to that

of the uncovered substrate (R(E, 0)) via

DRS(E, d) :=
R(E, d)−R(E, 0)

R(E, 0)
. (2.12)

For the motivation of DRS as a useful measuring quantity we would like to

follow the derivation proposed by McIntyre and Aspnes [66]. We will demon-

strate mathematically for the special case of transparent substrates that the

DRS is a variant of optical absorption spectroscopy. With this goal in mind, we

will express the above definition in terms of Fresnel coefficients. Subsequently,
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we will make some useful approximations that allow for a separation of the

real and imaginary part of the adsorbate dielectric function and henceforth a

more convenient interpretation of the DRS.

2.3.1 Optical Functions and Fresnel Coefficients

The classical description of the interaction between electromagnetic waves and

matter is realized by Maxwell’s equations [67, 68], given here in SI units:

∇ ·D = ρfree or ∇ · E =
ρtotal

ε0
, (2.13)

∇ ·B = 0 , (2.14)

∇× E = −∂B
∂t

, (2.15)

∇×H =
∂D

∂t
+ jfree or ∇×B = µ0ε0

∂E

∂t
+ µ0jtotal . (2.16)

Here, ρfree means the free charge density (ρtotal = ρbound+ρfree), and jfree denotes

the free current density (jtotal = jbound + jfree). For small field strengths (linear

optics), the electric displacement field D can be related to the electric field E

via

D
general

= ε0E + P
linear, isotropic

= ε0εrE , (2.17)

where P = ε0(εr−1)E is called the polarization of the material. The magnetic

flux density B can be expressed in terms of the magnetic field H and the

magnetization M as:

B
general

= µ0 (H + M)
linear, isotropic

= µ0µrH . (2.18)

With the help of the following expressions

ρbound = −∇ ·P , (2.19)

jbound = ∇×M +
∂P

∂t
(2.20)

one can prove that the alternatively derived formulation of Maxwell’s equations

in terms of total charge and current densities given in Equations (2.13) and

(2.16) are indeed equivalent. Inserting Equation (2.17) into Equation (2.16)

yields:

∇×H = ε0εr
∂E

∂t
+ jfree

= ε0εr
∂E

∂t
+ σE , (2.21)

with jfree = σE . (2.22)
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In the last step we have introduced Ohm’s law. For the sake of simplicity,

we consider here linear, isotropic materials whose permittivity ε = ε0εr and

permeability µ = µ0µr are constant scalars. A more rigorous treatment of

anisotropic molecular crystals would of course require a tensorial formulation.

As an ansatz for Equation (2.21) we choose the (macroscopic) electric field of

a plane wave with frequency ω and complex wave vector k̂:

E (r, t) = E0 · exp
(
−i

[
k̂ · r− ωt

])
. (2.23)

Since ∂E/∂t = iωE (and likewise ∂B/∂t = iωB from a similar ansatz for the

magnetic field) is evidently fulfilled, we have

∇×H = (ε0εriω + σ)E

= iωε0

(
εr − i

σ

ωε0

)
E

= iωε0 (ε′ − iε′′)E
= iωε0ε̂ · E . (2.24)

Here, we have introduced the (photon energy-dependent) complex dielectric

function ε̂(ω) = ε′(E)− iε′′(E). One can directly see that for a non-vanishing

conductivity σ 6= 0 the imaginary part of the dielectric function ε′′ is non-zero.

Hence, in a conductive medium energy dissipates from the electromagnetic

wave, which is called absorption. Applying the curl operator (∇×) once more

to Equation (2.15) leads to

∇× (∇× E) = ∇×
(
−∂B
∂t

)
= −iω∇×B , (2.25)

or, with Equations (2.18) and (2.24):

∇ · (∇ · E)−∆ · E = ω2ε0ε̂µ0µrE . (2.26)

Assuming that ρtotal = 0 and hence ∇ · E = 0 (from Equation (2.13)) we can

rearrange Equation (2.26):

∆ · E + ω2ε0ε̂µ0µrE = 0 , (2.27)

which is also referred to as Helmholtz’s equation. In combination with the

ansatz (2.23) we get

k̂
2

= ω2ε0ε̂µ0µr . (2.28)

The complex wave vector k̂ can be related to the complex index of refraction

n̂ via ∣∣∣k̂∣∣∣ = ω
√
ε0ε̂µ0µr =

ω

c

√
ε̂µr

µr=1
=

2π

λ
n̂ . (2.29)
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Here, we consider media with a relative magnetic permeability of µr = 1 being

the usual case in the optical frequency range. The relation between n̂ and ε̂

can simply be expressed as follows:

n̂ = n− ik (2.30)

ε̂ = n̂2 = n2 − k2︸ ︷︷ ︸
ε′

− i · 2nk︸︷︷︸
ε′′

. (2.31)

In these equations n 6= |n̂| is the refractive index indicating the phase veloc-

ity, and k 6= |k̂| is the (real) extinction coefficient, sometimes also called κ.

Although this nomenclature is in some degree unfavorable as it might cause

confusion, it seems to be more common in the literature and will hence be

used throughout this work.

Despite the rather simple conversion between n̂ and ε̂, those two quantities

are not quite identical. While reflection and refraction are commonly expressed

in terms of n̂(ω), the material’s absorption behavior shall be described by

ε̂(ω). As we deal with driven harmonic oscillators as model systems in thin

film optics (driving force = electromagnetic wave, oscillation = polarization

of the material), their differential equations have to be treated according to

Ref. [69]. They yield solutions in ε̂(ω), and not in n̂(ω). Thus, the discussion

of the material’s properties will focus on the complex dielectric function.

Having derived the primary quantities that describe the propagation of light

in a medium, we can now move on to the description of electromagnetic waves

traversing different media. Let us consider an ideal, i.e., entirely planar and

abrupt interface between medium 1 and medium 2 being of different complex

index of refraction n̂. When electromagnetic waves cross this interface at an

angle ϕ1, as illustrated in Figure 2.7, several processes may occur: Part of
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^

medium 2
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Figure 2.7: Two-dimensional sketch of the optical processes at an ideally planar

interface between two media of different complex index of refraction n̂. Electric field

vectors are shown in p-polarization: Ei incident, Er reflected, and Et transmitted.
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the intensity can be reflected (reflection R at the same angle ϕ1) and refracted

(transmission T at a different angle ϕ2) at the interface, or henceforth absorbed

(absorption A) in non-transparent media.§ A mathematical description of

these processes is obtained from the complex Fresnel coefficients for reflection

(r̂) and transmission (t̂) between medium 1 and medium 2, given here for

perpendicular incidence:

r̂12 =
n̂2 − n̂1

n̂2 + n̂1

= −r̂21 , (2.32)

t̂12 =
2n̂1

n̂2 + n̂1

6= t̂21 . (2.33)

The first equation describes the ratio between reflected and incident, the sec-

ond between transmitted and incident electric field. As we measure light in-

tensities, we need to consider absolute squared values

R̂12 = |r̂12|2 = r̂∗12 · r̂12 , (2.34)

T̂12 =

∣∣∣∣ n̂2

n̂1

∣∣∣∣ · ∣∣t̂12∣∣2 . (2.35)

The term |n̂2/n̂1| in Equation (2.35) stems from the definition of the Poynting

vector, given in SI units by:

S = E×H . (2.36)

S describes the energy flux in a medium. When an electromagnetic wave

travels from medium 1 to medium 2, the amplitude of the Poynting vector

scales as S1/S2 = n1/n2 because of energy conservation.¶ The transmittance

is symmetric (T12 = T21), i.e., independent of the beam direction.

In the case of non-perpendicular incidence, the Fresnel coefficients are given

by

r̂⊥12 =
n̂1 cosϕ1 − n̂2 cosϕ2

n̂1 cosϕ1 + n̂2 cosϕ2

(2.37)

t̂⊥12 =
2n̂1 cosϕ1

n̂1 cosϕ1 + n̂2 cosϕ2

(2.38)

for s-polarization (TE), and

r̂‖12 =
n̂2 cosϕ1 − n̂1 cosϕ2

n̂2 cosϕ1 + n̂1 cosϕ2

(2.39)

t̂‖12 =
2n̂1 cosϕ1

n̂2 cosϕ1 + n̂1 cosϕ2

(2.40)

§The general law of energy conservation is then R + T + A = 1. Note that A is not
the optical density O.D. = − log(T/T0) which is sometimes also called absorbance in the
literature.

¶ This can easily be checked for the absorption-free case (real quantities and A = 0):

R12 =
(

n2 − n1

n2 + n1

)2

. T12 = 1−R12 =
4n2n1

(n2 + n1)
2 =

n2

n1
·
(

2n1

n2 + n1

)2

=
∣∣∣∣n2

n1

∣∣∣∣ · |t12|2.
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for p-polarization (TM). If medium j is absorbing, the angle ϕj is actually

complex [66]. However, an exact explanation of the physical meaning of com-

plex angles seems to be generally avoided in the literature. Due to the cosine

dependence in these expressions only minor deviations from Equations (2.32)

and (2.33) arise from the small angle of incidence of ϕ = 20 ◦ (cos 20 ◦ ≈ 0.94)

in our setup, compare Section 2.3.5. We will therefore use the analytically

simple formulas for perpendicular incidence.

2.3.2 Fabry-Pérot Interferometer and Linearization of DRS

An adequate description of the idealized three-phase system “vacuum / thin

film / substrate” exhibiting planar and parallel interfaces is represented by

the Fabry-Pérot interferometer depicted in Figure 2.8. Here, the substrate is

regarded as semi-infinite, which means in practice that its extinction coefficient

is sufficiently high to prevent the incident light from reaching the substrate

back side.

On its way through medium 2 of thickness d, the electromagnetic wave is

shifted in phase by

β̂ = 2π
d

λ
n̂2 cosϕ2 , (2.41)

where λ is the vacuum wavelength. The summation of every single light path

going back into medium 1 yields the “total” Fresnel coefficient

r̂ = r̂12 + t̂12t̂21

[
r̂23e

−2iβ̂ + r̂2
23r̂21e

−4iβ̂ + r̂3
23r̂

2
21e

−6iβ̂ + . . .
]

= r̂12 + t̂12t̂21

r̂23 exp
(
−2iβ̂

)
1 + r̂21r̂23 exp

(
−2iβ̂

)
=

r̂12 + r̂23 exp
(
−2iβ̂

)
1 + r̂12r̂23 exp

(
−2iβ̂

) , (2.42)

since at an interface the law of energy conservation is simply

t̂12t̂21 = 1− r̂12r̂21 . (2.43)

The Fresnel coefficients t̂12, t̂21, r̂12, r̂21 and r̂23 can be calculated using Equa-

tions (2.32) and (2.33). It is evident from Equation (2.42) that the exponential

term results in an oscillating behavior of r̂. Employing Equations (2.30) and

(2.41) leads to

exp
(
−2iβ̂

)
= exp

(
−i · 4π d

λ
n2 cosϕ2

)
· exp

(
−4π

d

λ
k2 cosϕ2

)
. (2.44)
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Figure 2.8: Multiple reflection and transmission at two parallel interfaces (Fabry-

Pérot interferometer). The incident light beam is partially reflected and transmitted at

the interfaces. The resulting reflected amplitude is then the summation of every single

light path going back into medium 1. The gray shaded area represents the thin film

with n̂2 and thickness d evaporated on a substrate with n̂3. Usually, n̂1 equals 1 (void).

The complex character of r̂, t̂, and β̂ is not explicitly indicated.

The first factor is responsible for interference effects as it is purely imaginary.

It will cause cos(n2d) terms (or higher orders) in the total reflectance R. The

visibility of interferences strongly depends on both, the coherence of the inci-

dent light and the quality of the thin film. As the product n2 · d is very small

for thin films, the oscillating frequency becomes very high and is in practice

not observable. The second factor in Equation (2.44) is also known from the

Beer-Lambert-Bouguer law. This exponential decay describes the dissipation

of energy in an absorbing medium.

So far, no approximations were made in the above equations. However,

an analytical expression of the total reflected intensity R would become quite

complicated because absolute squared values are required. To overcome this

problem it is useful to find an adequate simplification of Equation (2.42). For

this purpose we expand the exponential term into a Taylor series:

exp
(
−2iβ̂

)
≈ 1− 2iβ̂ + . . . . (2.45)
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This expansion to terms of first order in β̂ is in fact rather accurate provided

that the thickness d of the adsorbate film is small in comparison to the incident

wavelength (compare Equation (2.41)). Since our film thicknesses are typically

in the range of d ≈ 0.3 nm (nominal monolayer thickness), while wavelengths

are normally λ & 300 nm, we can estimate their ratio as d/λ ≈ 1/1000 � 1.

Accordingly, Equation (2.42) simplifies to

r̂ ≈
r̂12 + r̂23

(
1− 2iβ̂

)
1 + r̂12r̂23

(
1− 2iβ̂

) . (2.46)

The reflectivity coefficient r̂0 of the bare substrate is obtained from Equa-

tion (2.42) by setting the adsorbate film thickness d to zero (i.e., β̂ = 0):

r̂0 =
r̂12 + r̂23
1 + r̂12r̂23

. (2.47)

The ratio r̂/r̂0 follows from Equations (2.46) and (2.47) by neglecting terms

of second and higher orders in β̂:

r̂

r̂0
≈ 1 +

2iβ̂r̂23 (r̂2
12 − 1)

(r̂12 + r̂23) (r̂12r̂23 + 1)
. (2.48)

We can now come back to the Definition (2.12) of the DRS by inserting

Equation (2.48). One has to multiply r̂/r̂0 with its complex conjugate neglect-

ing once more terms of second and higher orders in β̂ (same approximation as

above):

DRS =
R−R0

R0

=
R

R0

− 1 = (r̂/r̂0) · (r̂/r̂0)∗ − 1 (2.49)

≈ −8π
d

λ
· ε

′′
3 · (ε′2 − 1) + (1− ε′3) · ε′′2

ε′′23 + (ε′3 − 1)2 , (2.50)

or, equivalently:

DRS ≈ −8π
d

λ
· [A · ε′′2 +B · (ε′2 − 1)] (2.51)

with the two spectral coefficients A(E) and B(E) determined solely by the

substrate bulk dielectric function

A =
(1− ε′3)

ε′′23 + (ε′3 − 1)2 , (2.52)

B =
ε′′3

ε′′23 + (ε′3 − 1)2 . (2.53)

Again, there is room for confusion concerning this nomenclature as it is not

treated uniformly in the literature. Differences arise, e.g., from including or
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leaving out the prefactor 8πd/λ (cf. Ref. [70]), but do generally not lower the

significance of this linear approximation. Our Equations (2.52) and (2.53) are

in accordance with Ref. [71], where A(E) and B(E) are also plotted versus

photon energy E for various substrate materials.
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Figure 2.9: The spectral coefficients A and B for the substrates used in this work

based on experimental n and k values [72–75]. Note the different signs and magnitudes

on the respective ordinate axes. For mica and quartz glass the condition |B| � |A| holds

in the entire spectral range shown here, while this is not necessarily valid for opaque

substrates (with the exceptions of Ag and Au at low energies).



2.3 Differential Reflectance Spectroscopy (DRS) 31

The spectral coefficients A(E) and B(E) for the substrates used in this

work are depicted in Figure 2.9. One can immediately see that the condition

|B| � |A| is fulfilled in the optical frequency range for transparent substrates,

such as mica and quartz glass, while this is not necessarily valid for opaque

substrates. Consequently, Equation (2.51) can further be simplified to

DRS ≈ −8π
d

λ
A · ε′′2 , for |B| � |A| . (2.54)

Admittedly, the prerequisite of semi-infinite substrates is not met by transpar-

ent materials, and hence Equation (2.54) is not valid without restrictions. It

can be shown, however, that the additional contribution of the substrate back

side reflection leads to a reduction of the DRS which can be described by a

scaling factor f (E) [57], according to:

DRSfinite ≈ DRSsemi-finite · f (E) , (2.55)

with

f (E) =
5− n3 + 7 · n2

3 − 3 · n3
3

4 · (1 + n3) · (1 + n2
3)

(2.56)

being derived from the substrate index of refraction n3 = n3 (E) [57]. As

n3 depends only weakly on the energy E for the special case of transparent

materials considered here, it turns out that f (E) is merely a constant factor,

especially if not too broad spectral ranges are regarded. Note that f (E) is

independent of the substrate thickness as k3 is assumed to be zero (transparent

substrate).

Equation (2.54) further reveals that in principle DRS ∝ A for a given

material (again for negligible B). Therefore, |A| is a determining factor for

the sensitivity of the DRS technique which will vary for different substrates.

One can see in Figure 2.9 that |A| can differ by an order of magnitude, even

among the highly reflective metals. This makes aluminum a less favorable

candidate for a high DRS sensitivity than silver or gold (cf. Section 4.4).

We have shown that for a given film thickness d and substrate dielectric

function ε̂3 it may be possible to directly extract the imaginary part ε′′2 of

the dielectric function of the adsorbate film. Since the latter characterizes the

energy dissipation in a medium, the DRS is in fact a variant of optical ab-

sorption spectroscopy with the distinct advantage to be actually applicable to

opaque substrates. Unfortunately, Equation (2.51) also demonstrates that the

two optical functions ε′2 and ε′′2 can not be separated and extracted analytically

whenever B is not negligible in comparison with A.

Consequently, a numerical extraction of ε′2 and ε′′2 (or, equivalently, n2

and k2) is the remaining option for opaque substrates. In the following, we

will briefly introduce a model-free numerical algorithm recently developed in
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our group for the purpose of a simultaneous determination of the adsorbate

optical functions on the basis of the measured DRS. Beside its general appli-

cability to transparent and opaque substrates, it uses the exact formulas for

the four-phase system“vacuum / thin film / substrate / vacuum” and is hence

independent of the above linear approximation of the DRS.

The difference between p- and s-polarized light in the above equations due

to the small angle of incidence of 20 ◦ in our experimental setup was estimated

to be smaller than 1.5% for the entire absorption range of PTCDA on various

substrates [76]. In principle, two polarizers (polarizer and analyzer) can be

mounted to the DRS setup to check for lateral film anisotropy. Yet, most

of our molecular films being discussed here exhibit uniaxial anisotropy since

there are many differently oriented domains. For this reason, the complex

dielectric function should be treated as a tensor [77]. However, we can only

consider those components that couple with our randomly polarized incident

light (transverse waves). Since we work under near normal incidence, these

are the in-plane components of the dielectric tensor. This does not necessarily

represent an inconvenience, as transition dipole moments are usually in the

plane of the aromatic framework of the molecules used here. The corresponding

DRS (and thus ε′′2) magnitudes should then depend on whether or not the

molecules lie flat on the substrate, thereby offering the opportunity to deduce

structural information from the optical spectra to a certain extent.

2.3.3 Numerical Extraction of the Dielectric Function

As explained above, the simple separation of the DRS into ε′2 and ε′′2 does not

work for the overwhelming part of opaque substrates, and dispersive as well

as dissipative terms affect the measured optical signal. In this case one has to

extract the complex dielectric function of the film from the DR spectra using

a numerical algorithm. The fit-nk software (available from sim4tec GmbH,

Dresden, Germany) developed by Robert Nitsche is designed to extract the

two optical functions n and k (or, equivalently, ε′ and ε′′) of the adsorbate

film from only one spectral measurement, namely the DRS [78, 79]. This

apparent contradiction is resolved by the exploitation of the Kramers-Kronig

transformation which interlinks n and k in such a way that when one quantity

is known for the entire spectral range the other can be obtained via an integral

transformation [68, 80]. The constraints of finite measurement intervals are

coupled to several conditions for the applicability of this procedure, being

discussed in detail in Refs. [78, 79]. Most importantly, the k values must tend

to zero on either end of the spectrum, i.e., one has to experimentally cover

entire molecular absorption bands. The fit-nk algorithm now “arbitrarily”

generates a k spectrum and derives the corresponding n spectrum under the

above restrictions. On the basis of this spectral set of n and k, the DRS is
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calculated and compared to the measurement according to:

[DRSmeasurement −DRSsimulation (n, k)]2 → minimum . (2.57)

Convergence is achieved by means of a Levenberg-Marquardt algorithm [81],

and the result is displayed once a satisfying degree of accordance is reached. We

would like to direct the reader’s attention to Refs. [78, 79] where the authors

explain in detail the capabilities and the restrictions of this method, including

some demonstrations of convergence as well as thorough trials on numerically

generated and experimental examples.

2.3.4 Estimation of Accuracy

For the most part, the above derivation of the DRS and the analysis approaches

are similarly discussed in the relevant literature [57, 66, 70, 71, 78, 79]. For the

benefit of the reader, we will additionally provide an estimation of the accuracy

of the analytical McIntyre approximation and the numerical fit-nk algorithm

based on exact formulas. By doing so, we will demonstrate that both methods

yield comparable results, and, more importantly, artificial peaks are in general

not generated. This fact will become more important in Chapter 4, where

unexpected features in ε′′ spectra are observed and discussed.

In Figure 2.10, the measured DRS of 0.93 ML (≈ 0.32 nm) of QT on a

closed monolayer of HBC on Au(111) (cf. Section 3.4) is shown along with
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Figure 2.10: Comparison between the analytical McIntyre approximation and the

numerical fit-nk algorithm based on exact formulas. a) Measured differential re-

flectance spectrum of 0.93 ML (≈ 0.32 nm) of QT on a closed monolayer of HBC on

Au(111). The vertical scale is inverted (i.e., −DRS) for convenience. For compari-

son, the A- and B-coefficients of gold (compare Figure 2.9) are plotted on a different

scale, demonstrating that |B| � |A| for energies below ≈ 2.2 eV. b) Imaginary part

ε′′ of the dielectric function of the QT film derived from the measured DRS shown in

(a) by two independent methods: (i) via the McIntyre approximation (Equation (2.54)

⇒ ε′′ ≈ −DRS/ [A · 8πd/λ]), and (ii) using the fit-nk algorithm.



34 2 Materials, Methods, and Devices

the spectral A- and B-coefficients of gold (cf. Figure 2.9), demonstrating that

|B| � |A| for energies below ≈ 2.2 eV. The McIntyre approximation therefore

yields ε′′ ≈ −DRS/ [A · 8πd/λ] from Equation (2.54). Alternatively, ε′′ can be

extracted using the fit-nk algorithm. The results of these two independent

methods are identical within our experimental accuracy. At energies above

2.2 eV the approximation deviates noticeably from the numerical extraction, as

|B| becomes non-negligible compared to |A|. Another example of this behavior

is given in the Appendix. There, it is demonstrated that a more pronounced

deviation of the McIntyre approximation from the fit-nk algorithm originates

from the neglected term in Equation (2.54) compared to Equation (2.51).

The illustrated correspondence between both methods under certain condi-

tions suggests a straightforward first-order correction of experimental drift in

the DRS based on Equation (2.54): Since DRS ∝ ε′′, the measured DR spec-

tra can be vertically shifted so that the non-absorbing part of each spectrum

tends to zero whenever |B| � |A| (true for Au and Ag at low energies, and

for transparent substrates) .

2.3.5 Realized Experimental Setup

Our apparatus consists of three separately pumped ultrahigh vacuum (UHV)

chambers. A fast load-lock and an analysis chamber equipped with a scanning

tunneling microscope (STM) are mounted to the deposition chamber, which it-

self contains all necessary components for film growth and in situ optical spec-

troscopy. The molecular substances are stored in resistively heated Knudsen-

type effusion cells at a base pressure of p ≈ 10−10 mbar. A quartz crystal

microbalance (QCM) initially monitors the molecular flux. When evaporation

parameters for a constant flux are established, the rate can be fine-tuned with

the help of STM images of closed monolayers. Almost every type of substrate

can be loaded into a five-axial (x, y, z, θ, ϕ) manipulator where the sample can

be heated either by a filament or, additionally, by electron bombardment with

a high voltage being applied to the sample. An argon-ion sputter gun enables

the preparation of metal surfaces, especially single crystals, done in standard

sputtering/annealing cycles. The crystallinity of our substrates and the epi-

taxial growth of the respective adsorbates can be inspected using an Omicron

low energy electron diffraction (LEED) system.

For the reflectance measurements we use a home-built setup (cf. Fig-

ure 2.11) that is tightly interconnected to the main deposition chamber yielding

maximum mechanical stability. Our ultraviolet-visible (UV-Vis) light sources

are either a tungsten halogen lamp or a xenon arc lamp with a stabilized power

supply purchased from Müller Elektronik-Optik. An optical multichannel ana-

lyzer (OMA) consisting of a back-illuminated single stage Peltier cooled charge-

coupled device (CCD) attached to a grating-mirror-spectrograph is used for

fast spectra collection (Roper Scientific, SpectruMM 250B with UV-enhance-
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ment coating attached to an Acton Research SpectraPro-150, 300 gr mm−1

blazed grating). The calibration of the spectral sensitivity was done with a

Micropack halogen light source (HL-2000 CAL, color temperature 2960K).

The operating temperature of the CCD of −35 ◦C does not allow the dark

noise to be lower than ≈ 0.4 % per single spectrum. The attached 16 bit

A/D converter (100 kHz sampling rate) operates at 216 counts per channel

at best, which leaves a statistical error of ∆N/N = N−1/2 ≥ 0.4 % even for

large-signal operation. Given that the investigated ultrathin films only gen-

erate small changes in reflection, an improvement of the signal-to-noise ratio

is indispensable. Statistical noise is reduced by averaging over typically 1800

consecutive spectral measurements which takes approximately 53 s. Such an

accumulation is regarded as one spectrum and restarted every 60 s during film

growth. The corresponding spectra thus represent a layer thickness range

rather than a specific layer thickness. In the following, always the mean value

of each range is given. As we desire submonolayer resolution, we work at very

low deposition rates of about 1 monolayer in 10min, varying with the chosen

evaporation temperature. Consequently, we have to face drift in the DRS that

has to be carefully corrected on the basis of pre- and post-deposition stability

tests. Even though minor errors may remain, they have an insignificant impact

on our conclusions. Details of the experimental setup, specifically the optical

components and the vacuum layout, are given in Refs. [57, 76, 82].

We would like to emphasize that all relevant measurements are carried out

in situ, i.e., without breaking the UHV. This assures excellent cleanliness and it

also prevents ambient condition effects from striking the sample. For example,

it has been observed that atmospheric water triggers a rapid recrystallization

after a few minutes of exposure to air [76]. When a freshly prepared PTCDA

monolayer on a mica sheet (Ted Pella Inc., CAT# 52-6 hi-grade mica sheets)

pumps
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Figure 2.11: Scheme of the experimental setup realized in our laboratory. The

home-built DRS device is firmly mounted to the vacuum deposition chamber. Details

of the assembled optical components are described in Refs. [57, 76].
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was transferred to an ex situ spectrophotometer (Shimadzu UV-3101 PC) the

absorbance of the adsorbate changed rapidly from a monomer-like to a bulk-

like spectrum, clearly indicating the formation of three-dimensional islands.

The process could be slowed down, but not stopped, by arranging for dry

conditions during sample transfer. It is anticipated that this might also be the

case for other molecule–substrate combinations.

For an order of magnitude estimate of our technique’s sensitivity, we con-

sider a surface coverage of 0.1 ML for which in many DRS experiments reliable

data are routinely obtained. The number of simultaneously detected flat-lying

molecules is given by

Nilluminated = coverage · spot size/area per molecule . (2.58)

Compared to absorption spectroscopy performed for solutions using standard

cuvettes (length = 10 mm, spot size ≈ 1 mm2) the same amount of molecules

detected in the illuminated cuvette volume Villuminated would correspond to a

concentration of

c =
Nilluminated

Villuminated

=
coverage · spot size/area per molecule

spot size · cuvette length ·NA

, (2.59)

where NA is the Avogadro constant. Assuming identical spot sizes in DRS and

standard absorption spectroscopy, we get:

c =
coverage

area per molecule · cuvette length ·NA

. (2.60)

Inserting typical values for the area per molecule (≈ 1.2 nm2 for the (102)-plane

of PTCDA, compare Ref. [44]) yields:

c ≈ 0.1

1.2 · 10−12 mm2 · 10 mm · 6.022 · 1023 mol−1
≈ 10−8 mol

l
(2.61)

Hence, if identical amounts of molecules are considered, the sensitivity of the

DRS would correspond to a concentration of c ≈ 0.01µmol l−1 in standard

optical absorption, and even there this is a rather challenging value.

2.3.6 Related Techniques

Similar optical probes of surfaces, such as surface differential reflectance spec-

troscopy (SDR or SDRS) or reflection anisotropy spectroscopy (RAS, some-

times also called reflectance difference spectroscopy, RDS) are designed to ex-

tract the optical signal of the surface from the predominant bulk contribution.

In SDRS a change in reflectance induced by purposeful contamination of the

surface under investigation, e.g., oxidation, hydrogenation, or chemisorption

of foreign atoms, is detected [70, 83–85]. The reflectance difference in RAS
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is measured along two perpendicular symmetry axes of the surface [86–89].

The very high number of publications on both techniques only allows for an

incomplete list of published work here, but there are several in-depth reviews

covering SDRS and RAS and their applications [90–95]. Historically, these

spectroscopies are derived from electric field modulation of the reflectivity

(“electroreflectance”) in semiconductors and metals [96–102]. Optical tran-

sitions between filled and empty states of inorganic semiconductor surfaces

were detected using differential reflectance with multiple internal reflections

[103, 104]. Optical functions of metals have been intensively studied in the

light of compositional modulation (i.e., alloys) [105], local field effects [106–

108], and at the metal–liquid interface [109].

In the examples given above, the measured signal originates from the sub-

strate surface, or more specifically from its anisotropy (modification) in the

case of RAS. Although there are no fundamental restrictions for the choice of

the substrate, the applicability of RAS requires a macroscopic lateral aniso-

tropy that is significantly enhanced on certain single crystalline surfaces [94].

However, making use of the anisotropy of the sample may also constitute an

inconvenience because structural order at the surface is indispensable in the

(macroscopic) area of detection – a requirement typically not being fulfilled

even in epitaxial organic thin films, due to the presence of many symmetrically

equivalent rotational domains. In SDRS, the change in reflectance is related

to the intrinsic optical response of the substrate surface, provided that the

purposeful contamination hardly contributes to the spectra in the wavelength

range considered.

Only recently, the application of these or similar techniques to organic

thin films moved into focus, since the availability of thin film optical data

became more and more crucial for various applications. The most important

contributions in this field are assessed by a recent review [110], which is why

we will not extend the above remarks here.

2.4 Structural and Electronic Characterization

It is one key objective of this work to demonstrate that optical differential

reflectance spectroscopy is especially powerful in combination with a struc-

tural and/or electronic characterization of the systems under investigation.

For this reason, we will succinctly and non-exhaustively present the employed

techniques in this section.

2.4.1 Low Energy Electron Diffraction (LEED)

Low energy electron diffraction (LEED) makes use of the wave-like properties

of electrons being expressed by the de Broglie-wavelength λ = h/
√

2mE, where
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h is Planck’s constant and E the particle energy. A monochromatic beam of

electrons is focused onto a crystalline target whose atoms / ions / molecules

serve as centers of diffraction. The crystallinity of the sample then represents a

diffraction grating with lattice constants of typically a few Ångströms (Å). This

requires primary electron energies Eprimary of a few electron volts (eV) up to a

few hundred eV. Since such an electron beam has in most materials a mean free

path of only ≈ 1 nm, LEED is in fact strongly surface-sensitive and is used to

elaborate the two-dimensional lateral lattice constants of the topmost layer(s)

of the target. In “display-type” LEED setups the electron gun with a heatable

filament is placed in front of the sample with the electron beam striking the

surface at perpendicular incidence. The back-scattered electrons are usually

recorded with a hemispherical fluorescent screen making post acceleration of

the electrons via a high voltage necessary. In contrast, the diffraction pattern of

spot profile analysis LEED (SPA-LEED) is recorded with a channeltron [111].

Since not all scattering processes are elastic, the inelastically scattered and the

secondary electrons with energies smaller than Eprimary can be suppressed to

a certain extent, but will generally contribute to a diffuse background. The

LEED setup used in this work is sketched in Figure 2.12.
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Figure 2.12: Scheme of a“display-type”four-grid LEED setup. The diffraction pat-

terns are captured with a CCD camera located to the left. Reproduced from Ref. [112].

The discussion of the electron diffraction patterns is normally done in re-

ciprocal space. The primitive reciprocal lattice vectors (a?
1, a

?
2, a

?
3) are related

to those of the real space lattice (a1, a2, a3) in the following way:

a?
i = 2π · aj × ak

ai · (aj × ak)
. (2.62)
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When incident electrons with wave vector |kprimary| = 2π/λprimary and back-

scattered electrons with |k| = 2π/λ fulfill the Laue condition

k− kprimary = Ghkl , (2.63)

constructive interference and hence diffraction of scattered electron waves oc-

cur. Here, (h, k, l) is a set of integer numbers and

Ghkl = ha?
1 + ka?

2 + la?
3 (2.64)

is a vector in the reciprocal space. As only elastic scattering is considered, the

magnitudes of the electron wave vectors remain unchanged, i.e. |kprimary| = |k|.
The Laue condition (Equation (2.63)) can readily be visualized by the Ewald

sphere construction with a sphere radius of |kprimary|. Because of the rather

short electron mean free path, only the first few atomic layers contribute to the

back-scattered signal. Consequently, the diffraction conditions perpendicular

to the surface are absent and the reciprocal space is just a two-dimensional

lattice with rods sticking out of each lattice point. The above relations can

hence be reduced to a two-dimensional form.

A constant error in the displayed primary energy of ∆Eprimary = +1.1 ±
0.2 eV was determined according to a method proposed in Ref. [113], which had

to be subtracted for an exact analysis. Unless otherwise noted, the uncorrected

value of the displayed primary energy will be given. Lateral lattice parame-

ters were derived from distortion-corrected LEED images making use of the

commercially available simulation software LEEDSim (available from sim4tec

GmbH, Dresden, Germany).

Further details about the interpretation of LEED measurements and the

analysis in the framework of the kinematic approximation as an attempt to

model the distribution of spot intensities can be found in Refs. [112–115].

2.4.2 Scanning Tunneling Microscopy (STM)

The scanning tunneling microscope (STM) is certainly among the most valu-

able tools available for real space imaging in the field of nanotechnology and

surface science. Since its invention in the early 1980s by Binnig and Rohrer

[116, 117] it has continuously established new records for lateral resolutions on

the molecular and atomic scales.

A schematic illustration of the basic STM operating modes is shown in

Figure 2.13. In general, a bias is applied between a non-insulating sample

and a sharp conductive tip, usually electrochemically etched platinum-iridium

or tungsten wires. Since the tip is not in direct contact with the surface,

current can only flow via tunneling. The tunneling current I is exponentially

dependent on the tip–sample distance z. For this reason, the tip atoms in

closest proximity to the sample yield the overwhelming part of the measured
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signal, and even subtle surface morphologies can be mapped. Therefore, the

lateral resolution depends very much on the quality of the tip and of the sample

surface, as well. Imaging is achieved by scanning the tip over the surface in

one of two basic modes. In the constant current mode the tunneling current is

fixed by means of a feedback loop while scanning the surface - the monitored

quantity is the relative displacement of the tip (z direction, cf. Fig. 2.13a). In

the constant height mode the average tip–sample distance is fixed by switching

off the feedback loop while scanning the surface - the monitored quantity is

the tunneling current I (cf. Fig. 2.13b).

Of course, in reality the operating mode of a STM is in between these two

extremes, since the tunneling parameters, such as the feedback gain, can be

adjusted rather freely. The interpretation of STM images may become diffi-

cult because the tunneling current is also sensitive to locally (or temporally)

varying substrate workfunctions. Likewise, organic adsorbates contribute to

the tunneling current via their molecular orbitals (MOs) responding differently

to varying applied bias. Sometimes, the MOs can even delocalize over entire

molecular islands into two-dimensional band states [34]. We will not extend

this discussion here, but rather refer the reader to the relevant literature. From

the vast number of published work in this field, we have chosen a few reviews

[118–120] which extensively cover the STM instrumentation, theoretical back-

ground, and possible applications. STM images presented here were evaluated

using the software WSxM (Nanotec Electrónica S.L.) [121].

b)a)

Figure 2.13: Sketch of the STM working principle for either a) constant current

mode, or b) constant height mode. The upper panels schematically visualize the move-

ment of the conductive tip at a small distance d above the substrate atoms, represented

by spheres. The lower panels depict the recorded signals as single line scans, namely the

topography in (a), and the current in (b), respectively. Reproduced from Ref. [118].
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2.4.3 Ultraviolet Photoelectron Spectroscopy (UPS)

For the characterization of the electronic properties of interfaces, photoemis-

sion spectroscopy (PES) is the method of choice. It relies on the photoelectric

effect, i.e., electrons are emitted from matter after the absorption of a photon

of a given energy Ephoton = hν. For this reason, it yields the occupied elec-

tronic structure, also called valance levels/bands. The kinetic energy Ek of the

ejected electron is given after Einstein by:

Ek = hν − EB − Φ , (2.65)

where EB is the binding energy of the electron, and Φ is the workfunction of

the material. Koopmans’ theorem makes use of the assumption that all the

energy levels (or, more rigorously, the associated Fock operators in Hartree-

Fock theory) of a molecule remain practically unchanged during the ejection

of an electron. Consequently, the first ionization potential I of a closed-shell

system is equal to the negative orbital energy of the HOMO, i.e., the binding

energy. Hence, PES maps directly the occupied density of states (DOS) in

good approximation. Particularly, in ultraviolet photoelectron spectroscopy

(UPS), light emitted by a helium discharge lamp at hν = 21.22 eV (He-I)

is usually used to eject valence electrons in the proximity of the Fermi level

EF, and their kinetic energy Ek is analyzed (Figure 2.14) [22, 23, 25, 26].

Additionally, in X-ray photoelectron spectroscopy (XPS) photons are often
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Figure 2.14: Principles of UPS and schematic depiction of photoemission processes.

a) Energy level diagram of the metal/vacuum interface. The metal workfunction is

labelled Φm. b) Energy level diagram of the metal/organic/vacuum interface. c) Cor-

responding photoemission spectra for a given photon energy hν in standard orientation

versus kinetic energy Ek as recorded in (a) and (b), respectively. The difference be-

tween the high binding energy cutoffs with and without organic adsorbate represents the

interface dipole ∆. Adapted from Ref. [22].
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provided by a monochromatic Al-Kα source at hν = 1486.6 eV, being able to

excite core level electrons.

Electronic spectra of some of the metal–organic systems presented in this

work were acquired in collaboration with the group of Prof. Neal R. Armstrong

at the University of Arizona, Tucson, USA. UPS and XPS measurements were

carried out in a Kratos Axis-Ultra photoelectron spectrometer in the LESSA

laboratory [122]. There, all relevant experiments were also carried out in

vacuo, at base pressures of typically p ≈ 5 × 10−9 mbar. A negative bias of

−5.00 V was applied to the sample to clear off the detector workfunction and

to further enhance the collection of lowest kinetic energy electrons.

2.5 Thin Film Growth and Epitaxy

2.5.1 Thin Film Growth

Commonly, thin film growth is sorted into three categories, two of which are

actually just boundary cases of the third [123]:

• Layer-by-layer (Frank-van der Merwe) growth – Two-dimensional flat

islands spread laterally until a layer is completely filled, then the subse-

quent layer grows on top, and so on [124].

• Island (Volmer-Weber) growth – Islands or clusters are formed on the

substrate from the very beginning of the deposition, exhibiting three-

dimensional character and being spatially separated from each other

[125].

• Stranski-Krastanov growth – In this intermediate case, the growth of

usually one or two closed monolayers (also called ‘wetting layers’) is

followed by a formation of islands on top [126].

None of these growth modes is particularly affiliated with any of the types of

epitaxy or vice versa. However, they will play a crucial role for the observabil-

ity of aggregation effects, such as physical dimerization or oligomerization in

stacked molecular arrangements (cf. Section 2.2.3). The occurrence of one of

these growth modes depends sensitively on the chosen deposition parameters,

but also on the specific molecule–substrate combination in the first place.

The application of low energy electron microscopy (LEEM) operated in

the photoelectron emission microscopy (PEEM) mode enables real-time mon-

itoring of the thin film growth [127]. In such experiments, the relative layer

coverage is determined from the distribution of specific contrasts between ad-

jacent adsorbate layers in real space images. For pentacene on clean Si(100) it

was shown that the coverage of the first layer increases linearly with deposition

time after nucleation, as depicted in Figure 2.15. When a coverage of 60% was
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Figure 2.15: Growth dynamics of pentacene thin films, a) deposited on Si(100), and

b) deposited on cyclohexene-saturated Si(100). The plot shows the relative coverage

(in %) for the first (•), second (N), and third (H) layers separately versus the integral

substrate coverage (in ML). Reproduced from [127].

reached, islands started to nucleate in the second layer. Further, at a coverage

of 60% of the second layer – the first having already reached completeness –

the nucleation of the third layer began, showing “steady-state layer-by-layer

growth”. It was also demonstrated by passivating the Si(100) dangling bonds

with cyclohexene that the initial dead-time until the beginning nucleation of

the first layer could be suppressed and that a higher fractional coverage of the

first layer could be achieved before the growth of the second layer actually

began.

2.5.2 Epitaxy

The term epitaxy has the Greek origins epi, meaning ‘on top’ or ‘above’, and

taxis, meaning ‘in arranged/ordered manner’. A possible translation would

thus be ‘(ordered) arrangement upon’. Epitaxial growth is established if one

specific geometrical relation between an overlayer lattice {b1;b2} and a sub-

strate lattice {a1; a2} can be found:[
b1

b2

]
= C ·

[
a1

a2

]
=

(
C11 C12

C21 C22

)
·
[

a1

a2

]
. (2.66)

Sometimes, a few geometrical relations are simultaneously observed, each in-

dependently denoting an epitaxial coincidence characterized by dissimilar epi-

taxy matrices C. In fact, different types of epitaxy can occur, which may be

categorized on the basis of the elements C11 . . . C22 of the epitaxy matrix C. If

one considers primitive adsorbate (and substrate) unit cells, all epitaxy modes

can be directly deduced from the existence of integer elements in C [18, 128]
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with the exception of the so-called line-on-line coincidence [43, 112] as listed

below:

• Commensurism – All adsorbate lattice points are located on substrate

lattice points. The epitaxy matrix consists of integers only (Fig. 2.16a).

• Coincidence I or point-on-line coincidence – All adsorbate lattice points

are located on primitive substrate lattice lines, but not necessarily on

substrate lattice points. The epitaxy matrix contains one column of

integers and the other column may be irrational. Sometimes, an addi-

tional distinction is made for this case based on the occurrence of a small

overlayer supercell (whose corner lattice points are located on substrate

lattice points) if the non-integer column consists of rational elements

(Fig. 2.16b vs. c).

• Coincidence II or geometrical solution – All adsorbate lattice points are

located on substrate lattice lines that are not all primitive. An overlayer

supercell is formed whose corner lattice points are located on substrate

lattice points. No integer columns are contained in the epitaxy matrix,

but all elements are rational (Fig. 2.16d).

• Coincidence III or line-on-line coincidence – All adsorbate lattice points

are located on substrate lattice lines that are not required to be primitive.

No overlayer supercell is formed. The epitaxy matrix consists of non-

integer columns which can even contain irrational elements (not depicted

in Fig. 2.16).

• Incommensurism – None of the above cases applies. No integer columns

are contained in the epitaxy matrix, and at least one matrix element is

irrational (not depicted in Fig. 2.16).

Note that there is no specific registry between substrate and adsorbate

real space lattices in the case of line-on-line coincidence. This fact renders an

illustration of line-on-line epitaxy rather unfavorable, which is why it is avoided

in Figure 2.16. Moreover, it is difficult if not impossible to recognize this type

of epitaxy from looking at the matrix elements. Instead, it can be readily

identified by the coincidence between non-primitive substrate and adsorbate

reciprocal lattice vectors [43, 112].

It is hence evident that epitaxy and different growth modes offer a variety

of combinations. Both can readily be influenced by a number of different pa-

rameters, such as molecular deposition rate, substrate temperature, substrate

morphology, surface orientation, cleanliness, and so forth. Likewise, a spe-

cific substrate modification or passivation can be of particular importance, as

demonstrated in Figure 2.15. We are, however, not solely devoted to the exami-

nation of growth behavior. In fact, the relations between the physical structure



2.5 Thin Film Growth and Epitaxy 45

2.5 2

2.5 0.5
C

æ ö
= ç ÷-è ø

a2

a1

b2

b1
b

d)

3 2.13

3 0.58
C

æ ö
= ç ÷-è ø

a2

a1

b2

b1
b

c)

3 2.5

3 0.5
C

æ ö
= ç ÷-è ø

a2

a1

b2

b1
b

b)

3 3

3 1

æ ö
= ç ÷-è ø

C

a2

a1

b2

b1b [0,1]

[1,0]

a)

Figure 2.16: Hierarchical classification of the different types of epitaxy. Unit cells

are marked with solid parallelograms. Primitive substrate lattice lines are drawn as dash-

dotted lines. a) Commensurism. b) and c) Coincidence I or point-on-line coincidence.

A small supercell (here (2×2), indicated by dashed lines) emerges if the non-integer

column consists of rational elements, as shown in (b). d) Coincidence II or geometrical

solution. A small supercell is also formed here. After [18, 112, 128].

and the physicochemical properties of organic–inorganic and organic–organic

interfaces are in the foreground of this work and will move into focus in the

following.





3 Electronic Coupling of

Organic Adsorbates to

Substrates

The essential experimental results of this thesis will be presented and dis-

cussed in the following two major parts. In this chapter, we will elaborate to

what extent electronic coupling effects of organic adsorbates to different sub-

strates are manifested in optical spectra. After a short introduction of quater-

rylene (QT) and its optical and physical properties known from the literature,

we discuss its thin film optical behavior measured with differential reflectance

spectroscopy (DRS). Au(111), graphite, mica, and quartz glass were used as

substrates with the objective to establish a hierarchical order. We will begin with

the strongest observed coupling on the metal surface and will provide evidence

that this coupling can be efficiently suppressed by an atomically thin spacer

layer comprising exclusively organic molecules, namely hexa-peri-hexabenzo-

coronene (HBC). Further, we will demonstrate that different growth modes

of the organic film (“face-on” versus “edge-on”) result in a markedly different

optical response. The key findings will be summarized at the end.

3.1 Introduction

Unsubstituted quaterrylene (QT) and hexa-peri -hexabenzocoronene (HBC),

see Table 2.1, are planar polycyclic aromatic hydrocarbons (PAHs). They

both exhibit a rather poor solubility in standard solvents, but can be dissolved

in 1,2,4-trichlorobenzene enabling the measurement of monomer absorption

spectra in solution [129, 130]. As depicted in Figure 3.1a, there is effectively

no overlap between both spectra, which is due to the dissimilar electronic

structures of QT and HBC as also deduced from gas phase photoelectron spec-

troscopy [130–132]. Optical absorption spectra of evaporated QT and HBC

thin films are available from the literature [133–135], clearly indicating spec-

tral broadening of the molecular aggregates and distinct shifts with respect to

the monomer absorption, cf. Figure 3.1b. In the following, we will concentrate

on QT. There are indications that different QT crystal polymorphs (thin films
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Figure 3.1: Optical absorption data of QT and HBC and respective molecular di-

mensions. a) Dissolved in 1,2,4-trichlorobenzene at room temperature, adapted from

[129, 130]. Both contributions did not specify whether natural or decadic molar extinc-

tion coefficients (which differ by a factor of ln 10 ≈ 2.3) were employed. We therefore

assume the decadic quantity, as this is the common case for liquids. It is, however,

stated in Ref. [130] that the ε values were determined in the same way as in Ref. [129],

ensuring direct comparability. Due to the D6h symmetry of HBC, the energetically low-

est transition at 2.68 eV is forbidden and becomes visible when magnified by a factor

of 50. b) Respective thin film spectra for HBC (5 nm on SiO2, presumably in the bulk

crystal phase) and QT (a few nm thick on mica), adapted from [133, 134].

versus single crystals) show different optical absorption behavior [136]. The

reasons for these dissimilarities have not yet been fully understood.

The bulk crystal structure of QT is known from three-dimensional X-ray

data [46], as summarized in Table 3.1. It is made up of dimers comprising two

centro-symmetrically related molecules exhibiting a mean perpendicular dis-

tance of 3.41 Å (cf. Figure 3.2). The pronounced three-dimensional character

of the bulk crystal prohibits the application of the exciton model developed

for quasi-one-dimensional molecular crystals (cf. Section 2.2.3). Therefore,

the understanding of the optical behavior of QT is not necessarily as straight-

forward as that of PTCDA.

Table 3.1: Bulk crystal structure of QT: monoclinic, space group P21/a with equiv-

alent positions ±(x, y, z; 1
2 +x, 1

2−y, z). Adapted from [46]. Standard deviations (given

in parentheses) were derived from least-squares treatment, while the true accuracy is

less good according to Ref. [46].

a(Å) b(Å) c(Å) β(◦) V (Å
3
) Z ρ(g cm−3)

11.145(1) 10.630(3) 19.235(4) 100.46(4) 2240.5 4 1.485



3.1 Introduction 49

a

b b

c

a

c

b

a) b)

c) d)

Figure 3.2: Illustration of the QT bulk crystal structure: a) a–b-plane, b) b–c-

plane, c) a–c-plane, d) three-dimensional rendering. The corresponding parameters can

be found in Table 3.1. As apparent in these figures, the QT bulk crystal does not exhibit

a plane in which all the molecules lie flat, as opposed to PTCDA.

Profound knowledge of the growth behavior of planar aromatic molecules

on insulating and conductive substrates is highly desired since an alignment

of the aromatic cores in face-on or edge-on geometry, respectively, will have

a direct impact on the charge carrier mobility and hence on the performance

of electronic devices, such as OPVDs or OFETs. Previous atomic force mi-

croscopy (AFM) and X-ray diffractometry (XRD) studies revealed that QT

thin films grow in upright orientation on SiO2 surfaces with grain sizes de-

pending on the substrate temperature [137, 138]. Layered structures were

formed, as evidenced by the (0 0 l) Bragg reflections and the apparent terraces

with an average height of ≈ 2 nm. The slightly compressed QT lattice relaxes

as the film thickness increases up to 4 ML of upstanding molecules, eventually

coinciding with the three-dimensional bulk phase. It has been demonstrated

that the charge carrier mobility saturates approximately at this critical thick-

ness when QT films exhibiting a pronounced Stranski-Krastanov growth were

used in an OFET architecture on SiO2/p-Si(001) [139]. It was concluded that
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the first few layers serve as a transistor channel with an efficient conductivity

due to the overlap of π-orbitals perpendicular to the molecular planes. The

growth was shown to have a stronger layer-by-layer character when QT was

deposited on an octadecyltrichlorosilane (OTS) intermediate layer, thereby

enhancing the charge carrier mobility by almost an order of magnitude [140].

Hence, it becomes evident that the performance of such devices is decisively

influenced by ordering effects as well as grain sizes and that improvement can

be achieved in an organic–organic stacked arrangement. Thus, we will empha-

size the structure–properties-relations of QT films on different substrates in

the following.

3.2 QT on Au(111): Strong Coupling

Differential Reflectance Spectra. In a first experiment, we deposited QT on

single crystalline Au(111). The in situ recorded differential reflectance spectra

(DRS) are plotted in Figure 3.3 for various film thicknesses. In first approxi-

mation, the DRS is proportional to the adsorbate thickness d, as expected from

Equation (2.51). However, the more or less subtle spectral developments, es-

pecially when passing from the (sub-) monolayer regime to two or more layers,

are in part concealed by the fact that the DRS on such an opaque substrate is

actually a convolution of the adsorbate and substrate optical response, com-
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Figure 3.3: Drift-corrected differential reflectance spectra of QT deposited on

Au(111). The dashed orange curves represent QT film thicknesses of 0.05 ML and

0.18 ML, respectively, and turned out to yield unreliable dielectric functions via fit-nk

due to the rather low signal-to-noise ratio.
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pare Section 2.3.2. Thus, we need to extract the complex dielectric function of

these DR spectra using the fit-nk algorithm for an analysis of the absorbance

behavior. These data have also been discussed in Ref. [133].
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Figure 3.4: a) Real part ε′, and b) imaginary part ε′′ of the dielectric function

ε̂ = ε′ − iε′′ of QT deposited on Au(111) extracted from the DRS shown in Figure 3.3.

Both spectral series are divided into three subsequent growth stages for clarity: upper

panels 0 ML < d < 1 ML, center panels 1 ML < d < 2 ML, bottom panels d > 2 ML.

For comparison, the absorbance spectrum of QT dissolved in 1,2,4-trichlorobenzene is

shown (dotted curve, not to scale) [129]. The final ε′′ spectra of this series are compared

to an ex situ recorded absorbance spectrum of QT on mica (dashed curve, not to scale),

presumably in the polycrystalline bulk phase. The spectral development with increasing

film thickness is indicated by arrows, the resulting isosbestic points are marked with

circles. The dash-dotted curves in the center panels represent the hypothetical dielectric

function if one takes the first ML of QT to be part of the substrate, i.e., considering the

system 0.93 ML of QT on 1 ML of QT on Au(111) (see Section 3.4 for explanations).
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Dielectric Function Extracted from DRS. The complex dielectric function

ε̂ = ε′ − iε′′ of QT films on Au(111) was extracted from the corresponding

DRS series depicted in Figure 3.3 using the fit-nk algorithm. Both, the real

part ε′ and the imaginary part ε′′ are plotted in Figure 3.4 for the sake of

completeness. However, we will focus the discussion on ε′′, since this quantity

describes the absorbance behavior of the adsorbate film, as opposed to ε′.

Up to a surface coverage of ≈ 1 ML, the ε′′ spectra are nearly identical

within experimental accuracy, exhibiting an almost structureless appearance

with only one very broad peak centered at around 1.7 eV (Figure 3.4b). These

spectra bear no resemblance to monomeric spectra as in solution (Figure 3.1),

and as one would also expect on inert (i.e., non-metallic) surfaces [32]. In con-

trast, metal surfaces tend to strongly interact electronically with an adsorbate.

Coupling of molecular orbitals to electronic states [141, 142] extending per-

pendicularly from the metal surface will lead to a significant broadening of the

adsorbate levels, as described, e.g., by the Anderson–Newns model [143, 144],

and can be further accompanied by charge transfer. In principle, this effect has

been known for the molecular energy levels from photoelectron spectroscopy

measurements, and it is sometimes called metal–organic “hybridization” in the

literature [145]. However, here we are able to provide evidence for the impact

of this phenomenon on the optical transitions. The strong electronic coupling

between the adsorbate and the substrate already indicates the occurrence of

flat-lying QT, as it may be expected that in this case the metal surface would

interact rather efficiently with the molecules.

There is a significant development in the ε′′ spectra for increasing film

thickness above 1 ML (Figure 3.4b). The most severe spectral changes of QT

on Au(111) occur between 1 ML and 2 ML, where the intensity below 1.75 eV

diminishes, while it rises above this energy. With the growth of the second ML,

the π–π-interaction between adjacent molecules in a stacked arrangement sets

in, which is appreciably stronger than the molecules’ in-plane interaction. The

occurrence of a spectral substructure is also apparent. Further development of

the spectral shape occurs after a nominal thickness of 2 ML, where the spectra

are characterized by a peak at 2.00 eV and a shoulder at 1.75 eV. The ε′′

spectra saturate at around 4 ML.

There are very characteristic turning points at 1 ML and 2 ML in Figure 3.4,

at which the spectral development indicated by arrows abruptly changes di-

rection. This fact already suggests a layered growth mode, as otherwise the

spectral changes would tend to be rather blurred, if present at all. Between

1 ML and 2 ML of QT the spectra S (fD, E) can be expressed to a good approx-

imation as a mixture of monolayer spectrumM(E) and double layer spectrum

D(E) with a fraction fD increasing at the same rate as the fraction fM = 1−fD
decreases:

S (fD, E) ≈ (1− fD) · M(E) + fD · D(E) , fD ∈ [0, 1] . (3.1)
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Consequently, intersections of all spectra belonging to this growth stage arise

at specific energies Ei whereM(Ei) = D(Ei). These so-called isosbestic points

are indicative for a (physical) equilibrium reaction between two absorbing

species. However, unlike in the case of PTCDA on mica, it is not an expression

of the monomer–dimer transition here due to the lack of monomeric spectra

in the first place. One could more precisely employ the term monomer∗–

dimer∗ transition, where the asterisks symbolize the hybridized character of

the QT layers. Yet, we conclude that Figure 3.4 indeed provides evidence for

a layer-by-layer growth, since there are further isosbestic points for d > 2 ML

at different energies, stemming from the transition to oligomers in quasi-one-

dimensional stacks.

It is worth noting that the ex situ recorded optical absorbance of a poly-

crystalline QT film a few nanometers thick on mica significantly differs from

the final ε′′ spectrum in Figure 3.4. Therefore, the film structure of QT on

Au(111) can not be bulk-like. Instead, the red-shifted position (by ≈ 0.3 eV)

of the ≈ 4 ML spectra points toward stronger relaxation and is therefore a

further hint toward the layered growth with flat-lying molecules assumed.

Film Structure. In the analysis of the optical spectra and their development

for QT films grown on Au(111), we have come across a number of arguments

supporting a layered growth mode with the molecular planes lying parallel to

the substrate surface. Such a thin film growth would be in contrast to the

bulk crystal structure in which no planes exist that are exclusively composed

of flat-lying molecules, as opposed to, e.g., PTCDA. Hence, we are dealing

with a substrate-induced growth which has nicely been confirmed by LEED

and STM measurements [133, 146, 147]. The epitaxial structures of the first

monolayer were thoroughly analyzed, yielding two-dimensional unit cell pa-

rameters summarized in Table 3.2. The adsorption of QT further leads to a

modification of the
(
22×

√
3
)
-Au(111) reconstruction to a Au(111) surface

with a
(
(25± 1)×

√
3
)

reconstructed unit cell. For all three structures dif-

fering only by their domain angles the epitaxial relations were identified as

point-on-line (cf. Section 2.5.2). These findings were further backed by ad-

vanced potential energy calculations [148, 149] enabling an energetic explana-

tion for the observed structures [147]. Representative STM images are shown

in Figure 3.5.

Remarkably, the unit cell parameters of the second QT layer on Au(111)

differ noticeably from those of the first [146, 147]. There, the unit cell vectors

were determined as ||b1|| = (11.9± 0.4) Å, ||b2|| = (39.3± 1.1) Å, with a unit

cell angle of β = (78 ± 1) ◦. The unit cell comprises two flat-lying and two

upstanding molecules that are alternately arranged in double rows. Such a

structure would clearly contradict the findings in the optical measurements

described above, where we concluded a layer-by-layer growth with molecular



54 3 Electronic Coupling of Organic Adsorbates to Substrates

Table 3.2: Unit cell parameters of the first QT monolayer on Au(111): unit cell

vectors a1 and a2, unit cell angle α, an angle ζ describing the azimuthal orientation of

the QT mirror axis m1 (perpendicular to the molecule’s long axis) with respect to a1,

and domain angle δ, i.e., the angle between the [1 1 2]Au direction and a1. The unit

cell contains 1 molecule. The epitaxy matrices C are given with respect to the Au(111)

surface modified by the
(
(25± 1)×

√
3
)

reconstruction. Adapted from Refs. [146, 147].

||a1|| (Å) ||a2|| (Å) α (◦) ζ (◦) δ (◦) C

8.9± 0.3 19.6± 0.6 78± 1 2± 2 26± 1

(
0.192 3

−7.790 6

)
8.9± 0.3 19.6± 0.6 78± 1 2± 2 34± 1

(
−0.332 3.332

−8.114 5.114

)∗

8.9± 0.3 19.6± 0.6 78± 1 2± 2 86± 1

(
−3 3.371

−6 −1.436

)
∗Note that despite the absence of a column of integers this structure is also point-on-line
coincident with the substrate lattice (cf. Ref. [18]).

a
2

a
1

a
d

10 nm 1 nm

a) b)

Figure 3.5: STM data of 1 ML of QT on Au(111) [133]. a) Survey scan, 38×38 nm2,

1.6 V, 100 pA. Two lines mark the [1 1 2]Au direction and the a1 direction, respectively.

The domain angle δ = 34 ◦ is also indicated. b) Closeup view of the scan shown in (a),

5×5 nm2. The unit cell is given, and a stick model of the QT molecule is superimposed.

planes parallel to the substrate surface. However, these discrepancies can be

readily explained by the quite dissimilar growth conditions: QT was deposited

on Au(111) heated to 100 ◦C in Refs. [146, 147], while the substrates were

kept at room temperature here. In fact, many STM images may also be

interpreted as face-to-face stacked double layers without upstanding molecules

(cf. Figure 3.6), and several distinct film structures of the second QT layer

on Au(111) might occur. In any case, the structure of the second QT layer
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Figure 3.6: STM data of QT double layers on Au(111). a) QT thickness d ≈ 1.3 ML,

≈ 150 × 150 nm2, −0.9 V, 50 pA. The molecules in the 1st ML are not individually

resolved, but the characteristic QT rows can be seen. These rows are bent at domain

boundaries of the gold substrate. The 2nd ML starts growing as an island on top of

the 1st ML. Molecular resolution is achieved in the 2nd ML, and all molecules lie flat.

b) d ≈ 1.8 ML, ≈ 100 × 100 nm2, 1.0 V, 60 pA. The first two layers can be imaged

with molecular resolution revealing no upstanding molecules. Many gold step edges

are contained in this scan. The QT unit cells in the 2nd ML appear slightly enlarged

compared to the 1st ML. These data courtesy of Christian Wagner and Moritz Esslinger.

appears to be relaxed, i.e., its unit cell dimensions are slightly larger compared

to the first ML.

3.3 QT on Graphite: Intermediate Coupling

Film Structure. For an elucidation of the QT film structure on graphite, we

performed LEED measurements. Figure 3.7 shows images obtained for bare

single crystalline graphite along with a graphite surface covered with ≈ 1 ML

of QT. The LEED pattern can be fully explained by just one QT film structure

taking into account the substrate symmetry, of course.

The LEED patterns were analyzed by means of LEEDSim. The result of a

kinematic simulation is depicted in Figure 3.7c, showing a variation of spot

intensities as they find a qualitative correspondence in the measurement. Sev-

eral images recorded at different primary electron energies were taken into

consideration, which increases the accuracy of the simulation by including

higher order LEED spots. The extracted unit cell parameters are summarized

in Table 3.3. On the basis of the epitaxy matrix C we can identify the QT

monolayer structure as point-on-line coincident with the graphite substrate.

Obviously, the key parameters of the unit cell (i.e., a1, a2, and α) are

very similar to the ones reported for the first ML on Au(111). The respective
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screen

artifacts

c)b)a)

Figure 3.7: LEED images of a) single crystalline graphite, recorded at Eprimary =
189.2 eV, and b) 1 ML of QT deposited on the same graphite sample, recorded at

Eprimary = 13.0 eV. c) Corresponding kinematic simulation of the LEED pattern in (b)

using LEEDSim. The diameters of the simulated LEED spots qualitatively correspond

to the calculated intensities. Three representative spots of moderate intensity which

are still fairly resolvable in the measurement are highlighted by green arrows. Expected

spots in the proximity of the LEED gun are most likely predominated by the diffuse

background originating from the intense (0,0)-spot in the center. Reciprocal QT unit

cells are marked by red solid lines. One substrate symmetry axis is marked by the dash-

dotted magenta line. Artifacts that did not vary with the primary energy were present

in the measurement, highlighted with blue circles.

intermolecular distances are almost identical within the experimental accuracy.

With such a high degree of resemblance concerning the thin film structures, one

may expect many similarities concerning the optical behavior: In both cases

the in-plane dimerization should be negligible due to the molecule–molecule

separation being as large as ≈ 0.9 nm, resulting in a very inefficient overlap of

the molecular π-orbitals within the monolayer.

Unfortunately, meaningful STM images could not be obtained for QT on

graphite (or HOPG). This might be in part due to a high lateral mobility of

perhaps rather loosely bound molecules on the surface, rendering room tem-

Table 3.3: Unit cell parameters of the first QT monolayer on single crystalline gra-

phite: unit cell vectors a1 and a2, unit cell angle α, an angle ζ describing the azimuthal

orientation of the QT mirror axis m1 (perpendicular to the molecule’s long axis) with

respect to a1, and domain angle δ (measured between [1 0]-directions of substrate and

adsorbate). The unit cell contains 1 molecule. The epitaxy matrix C is given with

respect to the graphite substrate lattice.

||a1|| (Å) ||a2|| (Å) α (◦) ζ (◦) δ (◦) C

8.8± 0.2 19.7± 0.4 77± 1 −10± 5 0± 1

(
0 3.579

9 −2.695

)
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perature STM measurements complicated. In addition, there seems to exist a

more general difficulty for the acquisition of STM scans with molecular resolu-

tion of unsubstituted polycyclic aromatic hydrocarbons on graphite surfaces,

which may also be assumed from, e.g., Refs. [41, 150]. In these examples,

HBC molecules were imaged, but their typical “snowflake” shape could not be

recognized from the data even for closed monolayers. Features belonging to

the HBC molecule exhibiting unit cell periodicity were reported instead. Such

an obscuring effect might also occur for QT on graphite.

Differential Reflectance Spectra. The DR spectra of QT films grown on

freshly cleaved graphite (HOPG) are shown in Figure 3.8. As in the case on

Au(111), three subsequent growth stages are marked with different colors. This

might not be obvious at first glance, but will be justified in Figure 3.9. It can be

seen that positive and negative parts in the DR spectra occur simultaneously,

which demonstrates that the DRS can not be straightforwardly interpreted as

the absorbance behavior on opaque substrates. Instead, the dielectric function

has to be extracted using the fit-nk algorithm. Furthermore and with even

more critical impact, the absence of a clear tendency to zero of the DRS on both

ends of the spectra renders a drift-correction very difficult, which is especially

severe for the lowest coverages (highlighted in orange in Figure 3.8) where the

signal-to-noise ratio is smaller. Given that the time-dependent drift recorded

before and after deposition exhibits irregular (small) fluctuations, a thorough

drift-correction is rather challenging, if possible at all.

Dielectric Function Extracted from DRS. The dielectric function extracted

from the DRS via fit-nk is shown in Figure 3.9. Again, this spectral series is

divided into three different growth stages displayed separately.

For coverages up to d ≈ 1 ML the ε′′ spectra resemble each other to a large

extent (cf. upper panels of Figure 3.9). The monolayer spectrum consists in

principal of a main peak at 1.74 eV and one apparent shoulder at ≈ 1.91 eV.

The energy difference between both equals ≈ 0.17 eV and compares favorably

with the vibronic progression ∆Evibron resolved in absorbance spectra recorded

in 1,2,4-trichlorobenzene [129]. The overall spectral shape indeed comes close

to the monomeric character in dilute solution, apart from the broadening of our

solid state spectra which must be caused by non-negligible interactions with

the underlying substrate. In fact, graphite sheets exhibit π-orbitals above the

terminating atomic layer possessing a real space analogy to the π-orbitals of

QT. A considerable overlap of these π-orbitals is therefore possible when the

molecules are brought into contact with graphite. However, the latter has

an electronic structure different from that of QT due to its laterally almost

infinitely extended sheets. One can thus not necessarily assume the interaction

between QT and graphite to be as strong as between two face-to-face stacked
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Figure 3.8: Differential reflectance spectra of QT deposited on graphite (HOPG).

No drift-correction was carried out. The dashed orange curves represent QT film thick-

nesses of 0.05 ML and 0.18 ML, respectively, and turned out to yield unreliable dielectric

functions via fit-nk due to the rather low signal-to-noise ratio.

QT molecules, for example. It has previously been demonstrated by us for

another planar aromatic molecule, namely HBC, that the ε′′ spectra of the

contact layer still bear monomeric character when deposited on HOPG, though

with some broadening [82, 135]. We conclude that also the first monolayer of

QT on graphite shows spectra with (broadened) monomer character. This

circumstance is a confirmation of the negligible in-plane QT–QT interaction

as deduced from the lateral thin film structure outlined above. The red-shift of

the main spectral feature (and thereby of the entire spectra) from 1.79 eV (at

0.30 ML) to 1.74 eV (at 0.93 ML) can be explained by the increasing amount

of molecules contributing to the dielectric background upon completion of

the first ML. This dielectric screening effect has been observed and explained

before for PTCDA films of similar thickness grown on mica [32, 76].

The deposition of QT beyond the first ML initiates a spectral development

similar to that on Au(111) outlined in Section 3.2. From d = 1 ML to 2 ML,

the most severe changes occur, as indicated by arrows in the center panels

of Figure 3.9. The main feature in the ε′′ spectra at 1.74 eV diminishes and

the spectra broaden noticeably, while a new maximum is formed at 1.97 eV.

All the spectra in this thickness range can be approximated as a mixture be-

tween monomer spectrum M(E) and dimer spectrum D(E) with a steadily

increasing fraction fD of dimers, according to Equation (3.1). As on Au(111),

intersections arise at specific energies Ei where M(Ei) = D(Ei). These isos-
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Figure 3.9: a) Real part ε′, and b) imaginary part ε′′ of the dielectric function

ε̂ = ε′ − iε′′ of QT deposited on graphite (HOPG) extracted from the DRS shown in

Figure 3.8. Both spectral series are divided into three subsequent growth stages for

clarity: upper panels 0 ML < d < 1 ML, center panels 1 ML < d < 2 ML, bottom

panels d > 2 ML. For comparison, the absorbance spectrum of QT dissolved in 1,2,4-

trichlorobenzene is shown (dotted curve, not to scale) [129]. The final ε′′ spectra of

this series are compared to an ex situ recorded absorbance spectrum of QT on mica

(dashed curve, not to scale), presumably in the polycrystalline bulk phase. The spectral

development with increasing film thickness is indicated by arrows, the resulting isosbestic

points are marked with circles.

bestic points are a sign of a (physical) equilibrium reaction, in this case indeed

the monomer–dimer transition of face-to-face stacked QT layers, in contrast

to the hybridized layers on Au(111).

Further spectral development takes place when the coverage exceeds 2 ML.

The peak at 1.97 eV slightly shifts to 1.99 eV, and a low energy shoulder is
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formed at ≈ 1.57 eV. The progress is much less dependent on the film thickness

than in between 1 ML < d < 2 ML, and isosbestic points are found at different

energies. The spectra quickly reach saturation at roughly 4 ML. However, the

final ε′′ spectra in the bottom panels of Figure 3.9 differ significantly from the

absorbance spectrum of a comparatively thick QT film on mica, presumably

in the polycrystalline bulk structure. As on Au(111), this provides additional

support for the layered growth with flat-lying molecules assumed.

Based on a number of arguments, we have demonstrated that the growth

of thin QT films on Au(111) and graphite is rather similar, and that the

respective film structures are almost identical. Consequently, the optical be-

havior exhibits many similarities (apart from the much stronger hybridization

on Au(111)), and indeed the same strategies can be applied for the descrip-

tion of the spectral development with rising film thickness. It is an intriguing

question whether a predeposited monolayer consisting of a different molecular

species would influence the growth behavior of a QT film grown on top, but

also to what extent it would have an impact on the physicochemical properties

of QT, most notably on the observed more or less intense electronic coupling

to the substrate. For this purpose, we have chosen HBC as the intermediate

layer sandwiched between a Au(111) surface and a QT film on top, which will

be addressed in Section 3.4.

3.4 QT on HBC on Au(111): Decoupling

Differential Reflectance Spectra. With regard to the direct deposition of

QT on Au(111), we performed a similar experiment except that here a single

monolayer of flat-lying HBC [42] was deposited on the Au(111) surface before

growing the QT film (cf. Figure 3.10). In this experiment the layer system

“1 ML of HBC on Au(111)” is regarded to represent a “new” substrate, being

consequently characterized by a different R∗(E, 0) which already incorporates

the HBC layer. As in the case of QT, also the HBC states undergo hybridiza-

tion upon adsorption on Au(111), consequently leading to a broadening of the

molecular transitions, which is not shown here. In the following, we will elu-

cidate whether this thin interlayer of a different molecular species would have

a noticeable impact on the observed electronic coupling of QT to the metal

substrate.

Dielectric Function Extracted from DRS. Figure 3.11 shows the complex

dielectric function obtained via fit-nk for differently thick QT films grown on

top of such a closed HBC monolayer.

Up to a surface coverage of ≈ 1 ML of QT on HBC on Au(111), the ε′′

spectra are very similar to those of QT dissolved in 1,2,4-trichlorobenzene

with comparable peak widths (0.12 eV vs. 0.09 eV in solution), where the
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Figure 3.10: Drift-corrected differential reflectance spectra of QT deposited on

1 ML of HBC on Au(111).

three peaks belong to the S0 → S1 transition with its vibronic progression.

The slight red-shift of the main ε′′ feature of the QT monomer to 1.80 eV

with rising film thickness up to 1 ML is readily understood by the increasing

number of molecules contributing to the dielectric background, which directly

influences the peak position, as explained in Refs. [32, 76]. Thus, in contrast

to the case of QT directly grown on Au(111), we clearly observe monomers in

the first QT monolayer on HBC. Such spectra would be expected for flat-lying

QT molecules on inert, i.e., non-metallic substrates.

Moreover, it is important to realize that those spectra are also fundamen-

tally different from the second QT layer directly on Au(111), even though

1 ML of HBC and 1 ML of QT have an identical thickness, and both molecules

are planar polycyclic aromatic hydrocarbons. To highlight this finding, we

also calculated the dielectric function of the second ML of QT with respect

to the layer system “1 ML of QT on Au(111)”, regarding the first QT layer

as part of the substrate (dash-dotted curve in the center panel of Figure 3.4).

If coupling between the adjacent QT monolayers were as weak as between

adjacent QT and HBC monolayers (Section 3.2 vs. Section 3.4), one would

also observe monomeric spectra there due to the similar geometric arrange-

ment of the regarded QT monolayer on top of the two different intermediate

layers considered. However, the comparison to the absorbance measured in

1,2,4-trichlorobenzene reveals no such resemblance as opposed to QT films on

a similarly thick HBC monolayer. Hence, we observe rather strong coupling of

the second QT monolayer to the first one on Au(111). Unlike for the case of
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Figure 3.11: a) Real part ε′, and b) imaginary part ε′′ of the dielectric function

ε̂ = ε′ − iε′′ of QT deposited on 1 ML of HBC on Au(111) extracted from the DRS

shown in Figure 3.10. Both spectral series are divided into three subsequent growth

stages for clarity: upper panels 0 ML < d < 1 ML, center panels 1 ML < d < 2 ML,

bottom panels d > 2 ML. For comparison, the absorbance spectrum of QT dissolved in

1,2,4-trichlorobenzene is shown (dotted curve, not to scale) [129]. The final ε′′ spectra

of this series are compared to an ex situ recorded absorbance spectrum of QT on mica

(dashed curve, not to scale), presumably in the polycrystalline bulk phase. The spectral

development with increasing film thickness is indicated by arrows, the resulting isosbestic

points are marked with circles.

an intermediate HBC layer, the electronic coupling to the metal is most likely

not suppressed by the intermediate QT layer. In addition, one should point

out that the (hybridized) QT states of the first monolayer and the states of the

QT molecules in the second layer occur at roughly the same energy (having at

least a noticeable energetic overlap) and hence can interact – quite contrary to
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the case of a HBC interlayer. We conclude that already one HBC monolayer

decouples the QT from the Au(111) surface, and that this effect is not merely

due to the thickness of the intermediate layer.

The ε′′ spectra between 1 ML and 2 ML of QT on HBC (center panel in

Figure 3.11b) can be approximately described by Equation (3.1). Here,M(E)

undoubtedly corresponds to the monomer spectrum turning into the dimer

spectrum D(E) with a steadily increasing fraction fD of dimers, thereby at-

tenuating the observed fraction fM of monomers. The very sharp isosbestic

points at 1.73 eV and 1.88 eV associated with this distinct spectral develop-

ment clearly indicate the monomer–dimer transition of flat-lying face-to-face

stacked QT layers. Therefore, it is anticipated that also the second monolayer

of QT on HBC consists of flat-lying molecules, each forming a stacked dimer

with an underlying QT molecule.

In the third and fourth monolayers, the spectral shape very quickly sat-

urates with increasing film thickness, and the influence of the substrate is

already almost lost at around 4 ML (bottom panels Figure 3.11). Once again,

the final ε′′ spectra differ noticeably from the absorbance of a comparatively

thick polycrystalline QT film on mica. Since the latter is presumably in the

bulk crystal phase, this can not be the case for the thin QT film on HBC on

Au(111). The red-shifted position (by ≈ 0.3 eV) of the ≈ 4 ML spectra points

toward stronger relaxation and is therefore a further indication for the layered

growth assumed.

Film Structure. Quite naturally, one could suspect different QT film struc-

tures of being responsible for the dissimilar optical behavior. However, the QT

film structure on top of the HBC monolayer (Figure 3.12) is rather similar to

that of QT grown directly on Au(111) (Figure 3.5). The double layer structure

of the sample depicted in Figure 3.12 can be unambiguously evidenced by a

Fast Fourier Transform (FFT) of this STM image (Figure 3.13d) which clearly

shows contributions of the two different molecular lattices. Combining these

results with a LEED analysis (Figure 3.13a-c), we found that the QT film on

top of the HBC monolayer on Au(111) consists of flat-lying molecules with the

lattice parameters summarized in Table 3.4.

These unit cell vectors are almost identical to those of QT directly on

Au(111) [146, 147]. We would like to point out here that the observed het-

eroepitaxy constitutes a new example of the recently found most general form

of epitaxy, the so-called line-on-line coincidence (cf. Section 2.5.2). It is char-

acterized by a coincidence between non-primitive reciprocal lattice vectors of

the substrate and the overlayer, in this case the HBC [2 1] and the QT [2 1]

reciprocal lattice vectors. Since both reciprocal lattices are simultaneously

visible in a LEED pattern (or in a FFT of a STM image), this assignment

can be made with much higher accuracy than the determination of the lattice
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Figure 3.12: STM data of 1 ML of QT on 1 ML of HBC on Au(111) [133]. a)

Survey scan, 38 × 38 nm2, 1.0 V, 70 pA. b) Closeup view of the scan shown in (a),

5 × 5 nm2, filtered. The unit cell is given, and a stick model of the QT molecule is

superimposed.

Table 3.4: Unit cell parameters of the first QT monolayer on 1 ML of HBC on

Au(111): unit cell vectors a1 and a2, unit cell angle α, an angle ζ describing the

azimuthal orientation of the QT mirror axis m1 (perpendicular to the molecule’s long

axis) with respect to a1, and domain angle δ (measured between [1 0]-directions of QT

and HBC). The unit cell contains 1 molecule. The epitaxy matrix C is given with respect

to the underlying HBC lattice (“0 ◦-structure”) [133].

||a1|| (Å) ||a2|| (Å) α (◦) ζ (◦) δ (◦) C

9.4± 0.2 20.9± 0.4 77± 1 n/a −47± 1

(
−0.71 0.56

0.19 1.39

)

constants itself, being not influenced by any absolute scaling. Details of the

epitaxial analysis are given elsewhere [151].

Due to the similarity of the observed QT structures on 1 ML of HBC on

Au(111) and directly on Au(111), we can rule out that the discussed spectral

differences are a result of structural effects. Recalling that also the second QT

layer on 1 ML of QT on Au(111) does not exhibit monomeric spectra, it is clear

that the different behavior of the two systems must indeed be caused by dif-

ferent interactions with the respective substrates. This is a direct consequence

of the different electronic band gap of HBC compared to that of QT (energet-

ically lowest absorption peaks in 1,2,4-trichlorobenzene: Eopt, HBC = 2.68 eV

and Eopt, QT = 1.85 eV, compare Figure 3.1). For an accurate description of

the interface energetics, we performed UPS measurements for the systems“QT
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Figure 3.13: a) LEED image of the bare Au(111) sample before deposition of

molecules, recorded at Eprimary = 58.0 eV. The [1 1 2]?Au direction is indicated. The

surface reconstruction can be recognized by the additional speckles around the first

order spots. b) LEED image of 1 ML of HBC deposited on Au(111), recorded at

Eprimary = 11.0 eV. Two different HBC orientations are present, highlighted in green

(“30 ◦-structure”) and blue (“0 ◦-structure”), respectively. c) LEED image of 1 ML of

QT on 1 ML of HBC on Au(111), recorded at Eprimary = 11.0 eV. This image is

slightly enlarged in order to match the scale in (d). The overlay depicts a simulation

using LEEDSim (shown for the right half of the image, only). Reciprocal unit cells are

highlighted in the same colors as in (b), spots associated with the QT lattice are marked

in red. d) Fast Fourier Transform (FFT) of the STM image shown in Fig. 3.12a. The

sample orientations in LEED and STM are different. QT grows preferentially on the

“0 ◦-HBC-structure”, since the“30 ◦-HBC-structure” is not present.

on Au(111)” and “QT on HBC on Au(111)”, in order to determine the role of

the HBC spacer layer. This will be the subject of Section 3.5.
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3.5 Electronic Structure

We reasoned in Section 3.4 that the HBC spacer layer of only 1 ML on Au(111)

causes an efficient decoupling effect for QT films grown on top. This was

based on conclusions drawn solely from the optical data. For a more thorough

analysis of the electronic properties of the systems “QT on Au(111)” and “QT

on HBC on Au(111)”, it is advisable to perform photoelectron spectroscopy

measurements.∗ For these experiments pc Au samples were favored over the

more demanding Au(111) since surface structure and crystallinity could not

be analyzed. Yet, film structures are assumed to be similar on Au(111) and pc

Au. In the following, we will discuss the obtained UPS data for both systems.
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Figure 3.14: UPS data (full scans) of QT deposited on polycrystalline Au, in analogy

to Figure 2.14. The UV light source is a He-I discharge lamp (hν = 21.22 eV). An

additional sample bias of −5.00 V was applied.

Figure 3.14 depicts the full UPS scans of a bare polycrystalline (pc) gold

sample in comparison with 0.33 ML and 1 ML of QT on Au, respectively. The

gold Fermi edge can be seen at a kinetic energy of Ek = 28.33 eV. The high

binding energy cutoff (HBEC) of the bare gold sample is at 12.24 eV, which

yields a reasonable gold workfunction of ΦAu = 5.13 eV with hν = 21.22 eV

(He-I). Upon deposition of QT, the Au-5d bands at low binding energies are

attenuated, and new features related to the molecular orbitals emerge. At the

same time, the HBEC exhibits a quite abrupt shift, i.e., an interface dipole

∗The equipment required for this purpose was unavailable in our group. However, the
author of this thesis was kindly invited by Prof. Neal R. Armstrong to join his research
group at the University of Arizona for several weeks of collaborative research in order to
record XPS and UPS data of our systems.
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Figure 3.15: Closeup view of the high kinetic energy side of the UPS data shown in

Figure 3.14. Here, the spectra of 0.33 ML and 1 ML of QT on Au were multiplied with

1.55 and 3.85, respectively, in order to account for the attenuation of the Au spectrum

upon deposition of molecules. These factors were adjusted such that the gold Fermi

edge is matched as closely as possible. The corresponding residuals are plotted as dark

gray curves on different scales, vertically offset for clarity, and were further fitted with

Gaussian functions drawn in blue. The binding energies with respect to EF are indicated.

of ≈ 0.6 eV is formed. The secondary electron peak at low kinetic energies

simultaneously rises with the “contamination” of the Au surface. The features

in the proximity of the Fermi edge (high kinetic energies) are of particular in-

terest since they map the occupied density of molecular states formed during

film growth. A closeup view of this region is depicted in Figure 3.15. The
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absolute scaling of these graphs is not strictly meaningful, as the sample had

to be transferred from the analysis chamber to the growth chamber for each

deposition step, which did not allow for entirely reproducible sample positions

during UPS. After adequate subtraction of the Au derived photoemission fea-

tures, two peaks remain in the proximity of the Au Fermi edge which are

attributed to the HOMO and HOMO−1, respectively. They were fitted with

Gaussian curves as a function of the QT film thickness, cf. Figure 3.15.
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Figure 3.16: UPS data (full scans) of QT deposited on HBC on polycrystalline Au,

in analogy to Figure 2.14. The UV light source is a He-I discharge lamp (hν = 21.22 eV).

An additional sample bias of −5.00 V was applied.

In a second step, monolayers of HBC and QT were subsequently grown

on polycrystalline Au and examined with UPS. It can already be seen in Fig-

ure 3.16 that the UPS signal of the bare Au surface showed some odd variation

compared to Figure 3.14. While the gold Fermi edge lies at a kinetic energy of

Ek = 28.30 eV, the high binding energy cutoff (HBEC) of the bare gold sample

is at 11.86 eV, which yields a gold workfunction of ΦAu = 4.78 eV. This low

value indicates either a remaining oxygen or carbon contamination (as also

judged from XPS, not shown here), or a significant roughening of the surface

and hence a net increase of the secondary electrons and thereby a broader low

kinetic energy peak in the spectrum.† Consequently, the HBEC might occur at

systematically too low energies, and the relative intensity of the Au-5d derived

features at low binding energies is noticeably smaller. Still, we would like to

†Surface roughening is likely to be predominant, due to a thorough cleaning procedure
prior to the measurements. Initially, the Au samples were etched with piranha solution (a
mixture of sulfuric acid (H2SO4) and hydrogen peroxide (H2O2)). After transferring the Au
samples to UHV, they were further sputtered with Ar+ at 2 keV for several 15min cycles.
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present these data, since the level alignment in the proximity of the Au Fermi

edge is believed to be hardly affected.

A closeup view of the high kinetic energy region of Figure 3.16 is shown in

Figure 3.17. Again, the photoemission originating from the Au substrate was
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Figure 3.17: Closeup view of the high kinetic energy side of the UPS data shown

in Figure 3.16. Here, the spectra of 1 ML of HBC and 1 ML of QT on HBC on Au

were multiplied with 2.90 and 3.70, respectively, in order to account for the attenuation

of the Au spectrum upon deposition of molecules. These factors were adjusted such

that the gold Fermi edge is matched as closely as possible. The corresponding residuals

are plotted as dark gray curves on different scales, vertically offset for clarity, and were

further fitted with Gaussian functions drawn in blue. The binding energies with respect

to EF are indicated.
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subtracted after adequate magnification of the corresponding spectra in order

to match the gold Fermi edge as closely as possible. The obtained residuals

were fitted with Gaussian functions. For 1 ML of HBC on Au, a triple peak at

1.70 eV, 2.08 eV, and 2.42 eV below EF emerges which is most likely derived

from the HOMO of the HBC film. These values compare favorably with a

previous measurement of a 20 nm thick HBC film on polycrystalline Au [152]

but differ significantly from the reported HOMO binding energy of a HBC

multilayer on Au(111) of only 1.4 eV [134]. It is known that the morphology

influences the electronic structure of thin HBC films on conductive surfaces,

such as Au [153], but the exact film structure on our polycrystalline Au samples

could not be checked due to the lack of structural analysis techniques at the

UPS/XPS apparatus. We therefore assume the molecular arrangements to be

similarly flat and densely packed as on Au(111).

Additional deposition of 1 ML of QT leads to the appearance of a main fea-

ture at 1.10 eV below EF attributed to the QT HOMO. Evidently, the HOMO

of the QT film on the HBC monolayer occurs at roughly the same binding

energies as if deposited directly on Au (compare Figure 3.15). It does, how-

ever, not coincide with the broad feature originating from the HOMO of HBC,

which suggests that an electronic decoupling effect from the Au surface is in-

deed favored. In addition, two smaller peaks at 1.86 eV and 2.30 eV below EF

are visible which probably stem from the QT HOMO−1 (or the HOMO−2)

at a position where only one feature was observed for QT directly on Au. Un-

fortunately, it remains unclear whether there is a true splitting of such deeper

lying QT levels or whether this could be caused by a pinning effect to the

HOMO of the underlying HBC layer. From the HBEC one can confirm vac-

uum level alignment between QT and HBC, i.e., no additional interface dipole

is formed between these two layers (cf. Figure 3.16). According to Ref. [23],

vacuum level alignment was assumed to be a general law for organic films until

the mid 1990s. Their surfaces, which consist of closed-shell molecular entities

were believed to hardly interact electronically with substrates. Despite the

fact that this assumption fails for strongly interacting surfaces, such as met-

als, vacuum level alignment between two adjacent molecular layers still hints

toward weak electronic coupling [23]. These arguments considered, we con-

clude that an electronic decoupling effect between HBC and QT is very likely,

but can not be evidenced with absolute certainty from these UPS data, since

the peak position and width of the QT HOMO did not change significantly

upon inserting the HBC monolayer.

3.6 QT on Insulators: Minor Coupling

Having observed differently intense electronic coupling effects on conductive

substrates up to now, we may suppose that almost complete electronic decou-
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pling naturally occurs on insulating substrates, such as mica or quartz glass.

Hence, on such surfaces we would expect the optical behavior of a QT mono-

layer to be monomer-like, provided that the molecules grow flat-lying with a

rather large intermolecular separation, as demonstrated, e.g., for PTCDA on

mica [32]. However, we will see in the following to what extent our expectations

are met by the experimental results and how strong the QT growth modes in-

fluence its optical response. This constitutes a further consequent step toward

the elucidation of the structure–properties-relations of thin molecular films.

QT on Mica. Using an air-cleaved 95µm thick muscovite mica sheet as a

substrate, we recorded the DRS of QT films grown on this surface as depicted in

Figure 3.18a. The nominal thicknesses are given here in equivalents of densely

packed flat-lying monolayers, as encountered on Au(111), on graphite, or on

HBC on Au(111). In Section 2.3 we had seen that the DRS on such a transpar-

ent substrate is to a good approximation proportional to the imaginary part

of the adsorbate dielectric function (and hence to its absorbance behavior).

However, the DRS of QT on mica reveals no resemblance to the monomer

absorbance recorded in solution (cf. Figure 3.1), even for submonolayer cover-

age. Further, it is conspicuous that the spectral development changes abruptly

once a critical film thickness of ≈ 2.3 ML (marked in red) is exceeded. These

two growth phases will therefore be discussed separately in the following. We

would like to point out here that the drift of the DRS recorded right before film

growth is close to an ideally flat zero baseline (Figure 3.18b), while the non-

vanishing drift signal immediately after film growth demonstrates a structural

reordering of the QT film after the deposition (Figure 3.18c).

The ε′′ spectra extracted from the DRS via fit-nk are shown in Fig-

ure 3.19. Up to a nominal thickness of 2.3 ML the spectra are rather broad

and indeed very similar with a maximum at ≈ 2.10 eV and a shoulder at

≈ 1.85 eV. A slight red-shift can be observed upon increasing film thickness

which can readily be explained by the developing dielectric background stem-

ming from the growing number of molecules on the surface [32, 76]. No vibronic

substructure is apparent, and in fact these spectra bear no resemblance with

the absorbance recorded in 1,2,4-trichlorobenzene [129]. This optical behavior

is in strong contrast to that of thin PTCDA films on mica [32, 76], and can

only be explained by a fundamentally different film structure. If QT were to

grow flat-lying on mica (as encountered on Au(111), on graphite, or on HBC

on Au(111)), the ε′′ spectra should be monomer-like, since the intermolecular

separation would be large enough for the π–π-overlap to be rather inefficient

(compare Section 3.4). The inert insulating mica surface itself does evidently

not provide a sufficiently high electron density to cause electronic coupling of

the QT film to the substrate. Likewise, the formation of three-dimensional QT

islands or clusters is very unlikely, as in this case there would not be a critical
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Figure 3.18: a) Differential reflectance spectra (DRS) recorded for QT films de-

posited on mica. The nominal thicknesses are given here in equivalents of densely packed

flat-lying monolayers, as encountered on Au(111), on graphite, or on HBC on Au(111).

The gray arrow indicates the development with increasing film thickness. b) Drift of the

DRS signal right before film growth being close to an ideally flat zero baseline. c) Drift of

the DRS signal immediately after film growth (same scale as in (b)). The non-vanishing

signal demonstrates a structural reordering of the QT film after the deposition.

thickness at which the spectral development completely shifts gears. Instead,

we interpret this spectral series as a growth divided into two subsequent stages.

In stage 1 (up to 2.3 ML, Figure 3.19a), the molecules already aggregate as

evidenced by the absence of monomer spectra with vibronic progression. This

might be caused by an edge-on growth, i.e., the QT long edge is assumed to be

in contact with the substrate while the molecular planes are slightly inclined

by an angle ξ with respect to the mica surface normal (cf. Figure 3.20b). By

that, an efficient π–π-overlap is ensured even at the lowest surface coverages,

as adjacent edge-on molecules are presumably separated by ≈ 3.41 Å which

is the mean perpendicular distance of the two centro-symmetrically related

molecules in the bulk crystal structure. Compared to the lateral width of QT
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Figure 3.19: Imaginary part ε′′ of the dielectric function ε̂ = ε′−iε′′ of QT deposited

on mica extracted from the DRS shown in Figure 3.18. The nominal thicknesses are

given here in equivalents of densely packed flat-lying monolayers, as encountered on

Au(111), on graphite, or on HBC on Au(111): a) up to 2.3 ML, and b) beyond 2.3 ML.

These spectra are compared to the absorbance recorded in solution [129] and to the ex

situ measured absorbance of a 4 ML thick QT film on mica, respectively (both spectra

not to scale).

of≈ 8.2 Å (cf. Figure 3.1), the shorter separation distance of edge-on molecules

would mean a reduction of the required space by a factor of ≈ 2.4 with respect

to densely packed face-on (i.e., flat-lying, cf. Figure 3.20a) molecules. If one

further assumes an inclination angle of ξ ≈ 18 ◦ derived from the tilting angle

between two adjacent QT dimers in the bulk crystal [46], one correspondingly

obtains a factor of 2.4 · cos ξ ≈ 2.3. This value renders the observation of a

critical nominal thickness of ≈ 2.3 ML (in units of flat-lying QT) plausible.

In stage 2 (above 2.3 ML, Figure 3.19b), the spectral features at ≈ 2.10 eV

and ≈ 1.85 eV quickly diminish, while a new peak evolves at ≈ 2.35 eV. By
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Figure 3.20: Rendering of three possible QT arrangements with respect to the

substrate: a) face-on (flat-lying), b) long edge-on, and c) short edge-on (upstanding).

The almost perpendicular (20 ◦) incidence of light is also indicated. The molecule’s

mirror axes m1 (short axis) and m2 (long axis) are marked with red dashed lines. The

molecular planes might further be inclined by an angle ξ with respect to the surface

normal, visualized by the green triangle.

that, the area under the spectra substantially decreases, although it should in

first approximation be almost constant, provided that the oscillator strength

per molecule is constant. This apparent decrease of the observed oscillator

strength of the ensemble is probably caused by the specific geometry of this

QT film. Having in mind that we record the DRS under near normal inci-

dence, we can only probe those molecular transition dipole moments that have

components perpendicular to the incident light beam (transverse waves), i.e.,

essentially parallel to the surface. According to semi-empirical calculations

[154] based on the ZINDO/S method performed for a QT derivative (with

substituted end groups that increase the solubility but hardly affect the opti-

cal properties), the main S0 → S1 transition dipole moment is oriented along

the molecule’s long axis, while the S0 → S2 transition is perpendicular to the

latter, i.e., along the naphthalene units of the aromatic framework. Therefore,

the observed oscillator strength of the S0 → S1 transition should decrease con-

siderably for short edge-on (i.e., upstanding, Figure 3.20c) molecules, while it

should be similar for long edge-on vs. face-on orientation (Figure 3.20a vs. b).

The ex situ measured absorbance spectrum of a 4 ML thick QT film on mica

shown in Figure 3.19b essentially consists of a main peak at ≈ 2.32 eV which is

by far more pronounced than the feature at 2.35 eV in the in situ ε′′ spectrum

of the 3.6 ML QT film. This circumstance is very likely caused by a struc-

tural reordering of the QT film after deposition as evidenced in Figure 3.18c.

The tendency of the molecules to rearrange may be even more obvious when

transferred to ambient conditions for the ex situ absorbance measurements.

The exposure of the QT covered hydrophilic mica surface to atmospheric hu-

midity seems to trigger a recrystallization into the bulk structure, as similarly

demonstrated for PTCDA on mica [76].
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QT on Quartz Glass. The assignment of the new high energy feature of

QT on mica arising at thicknesses higher than 2.3 ML was derived from the

evolution of the ε′′ spectra with increasing film thickness. To further tighten

our interpretation, it is advisable to repeat these measurements on quartz

glass (SiO2), as on this substrate the growth behavior of QT films is already

known. Hayakawa et al. unambiguously showed by means of atomic force

microscopy (AFM) and X-ray diffractometry (XRD) that QT thin films grow

in upright orientation on SiO2 (cf. Figure 3.20c), presumably exhibiting lattice

parameters comparable to the bulk crystal [137, 138]. If our assumptions for

QT deposited on mica are true, a similar high energy feature as in stage 2 of

QT on mica should also develop on quartz glass.

The measured DRS series of QT films on quartz glass is depicted in Fig-

ure 3.21. Once more, the nominal thicknesses are given here in equivalents of

densely packed flat-lying monolayers, as encountered on Au(111), on graphite,

or on HBC on Au(111). The DRS drops below zero at E & 2.7 eV, which is

probably caused by a non-negligible surface roughness of the substrate and the

adsorbate as well, as also discussed in Ref. [79]. In addition, drift is a major

concern in this experiment, since the optical response of the upright oriented

QT molecules is indeed very small. Therefore, the signal-to-noise ratio is infe-

rior to the experiments described above, and drift-correction is challenging.

The ε′′ spectra extracted from the DRS via fit-nk are shown in Fig-

ure 3.22. As quartz glass is a highly transparent substrate, the ε′′ spectra

qualitatively match the DRS, compare Section 2.3. We do indeed observe a

peak at 2.49 eV (at d = 0.9 ML) which shifts toward even higher energies upon
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Figure 3.21: Drift-corrected differential reflectance spectra of QT deposited on

quartz glass.
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further deposition of QT (2.53 eV at d = 5.9 ML). All the spectra are much

narrower than the rather broad absorption behavior observed on mica, even for

thicknesses greater than 4 ML. However, single molecule behavior can be ruled

out due to the absence of monomer spectra with vibronic progression and the

completely different transition energy. Instead, aggregates are predominant

and cause this optical absorption behavior. Except for the slight shift, no sig-

nificant spectral development occurs up to thicknesses of more than 8 ML (not

shown here), in contrast to the systems discussed above.

Very low ε′′ values (and hence very small oscillator strengths) are evident

from Figure 3.22, which is a direct consequence of the film anisotropy already

discussed. Only those components of the molecular transition dipole moments

are probed by the incident light beam that are perpendicular to the latter,

i.e., essentially parallel to the substrate plane. This yields rather low mea-

surable intensities for the main transition dipole moments oriented along the

molecular long axis due to the upright orientation of the QT molecules. For

these reasons, the absolute intensities of the depicted spectra certainly have

an inferior experimental accuracy and can not be regarded as a reference, but

should be qualitatively correct.

This high energy peak at ≈ 2.50 eV might in principle have the same ori-

gin as the aggregate feature at ≈ 2.35 eV developing in stage 2 of QT on

mica. The difference of ≈ 0.15 eV may in part be explained by the differ-
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Figure 3.22: Imaginary part ε′′ of the dielectric function ε̂ = ε′−iε′′ of QT deposited

on quartz glass extracted from the DRS shown in Figure 3.21. The nominal thicknesses

are given here in equivalents of densely packed flat-lying monolayers, as encountered

on Au(111), on graphite, or on HBC on Au(111). These spectra are compared to the

absorbance recorded in solution [129] (not to scale).
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ent dielectric backgrounds on mica (covered by 2.3 ML of QT) and quartz

glass, respectively. Furthermore, the upright orientation suggested for QT

films thicker than 2.3 ML on mica might deviate from that on quartz glass,

with perhaps different mutual arrangements of adjacent QT molecules, yield-

ing different π–π-overlaps in both cases. While stage 2 of QT on mica is most

likely a polycrystalline film in the bulk structure with a typical optical split-

ting energy of ∆E ≈ 0.55 eV between the main feature and the low energy

shoulder, we assume that linear chains consisting of upright oriented QT mol-

ecules not arranged in pairs are formed, as opposed to the assumptions made

in Refs. [137, 138]. We had seen in Section 2.2.3 that even from the rather

simple Kasha model one can conclude a spectral blue-shift for (almost) parallel

alignment of the molecules, whereas an oblique alignment of the two molecules

forming a dimer in the known bulk structure leads to a band splitting whose

splitting energy depends on the respective geometry. This would readily ex-

plain the more pronounced blue-shift with an entirely suppressed low energy

shoulder of QT on quartz glass.
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Figure 3.23: Optical density O.D. = − log(T/T0) of a 8.5 ML (≈ 2.9 nm) thick

QT film on quartz glass recorded ex situ at perpendicular incidence. This spectrum is

compared to the absorbance recorded in 1,2,4-trichlorobenzene [129] and in a Ne-matrix

at < 5 K [155] (both not to scale, the latter shifted by 0.2 eV to match the absorbance

of QT in solution). At E & 3.5 eV the S0 → S2 transition sets in.

Judging from a comparison to absorbance measurements for isolated QT

molecules (cf. Figure 3.23), one can state that the peak at ≈ 2.50 eV of a

8.5 ML (≈ 2.9 nm) thick QT film on quartz glass is suppressed at exactly

perpendicular incidence in the ex situ spectrophotometer. However, several

features emerge at E & 3.2 eV which may be compared to the S0 → S2 tran-

sition at higher energies. Of course, the respective spectral positions do not

perfectly coincide with those of isolated molecules, as we have measured QT
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aggregates here, but one can still reason that those features originate from the

molecular S0 → S2 transition. Since the latter is perpendicular to the long axis

of QT [154], i.e., perpendicular to the incident light beam, this observation is

an additional optical affirmation of upstanding QT molecules.

In summary, the optical behavior of QT on quartz glass suggests an upright

orientation in a structure different from the bulk crystal causing a high energy

peak similar to the one observed for QT films thicker than 2.3 ML on mica,

but with a noticeably dissimilar band splitting behavior.

3.7 Conclusions

In conclusion, it can be stated the QT monolayers on Au(111), on graphite,

and on 1 ML of HBC on Au(111) are equally composed of flat-lying molecules

with almost identical unit cell dimensions. Hence, the in-plane intermolecular

π–π-interaction is rather inefficient on these three substrates, as in the case of

PTCDA on mica or KCl [32, 37], and can therefore not serve as an explanation

for the dissimilarities in the associated optical spectra. The only option left is

the coupling to the respective substrates whose intensity is drastically lower on

graphite than on Au(111). By introducing a single monolayer of flat-lying HBC

we even achieved an almost complete decoupling from the underlying Au(111)

surface, as evidenced by the vibrationally resolved QT monomer spectra that

are almost as sharp as in solution. So far, such a decoupling effect yielding

monomeric behavior has only been achieved in STM-tip-induced luminescence

of single molecules on inorganic spacer layers, i.e., on oxides (e.g., Zn(II)-

etioporetioporphyrin I on a 0.5 nm thin aluminum oxide (Al2O3) film grown

on a NiAl(110) surface [156]) or on salts (e.g., C60 on a NaCl film of thickness

between 1 and 3 ML on Au(111) [157]). Thus we have demonstrated the first

atomically thin organic spacer layer [133], and we anticipate our results to

be a starting point for the fabrication and investigation of multiple organic

quantum wells on the monolayer scale.

Insulating mica and quartz glass surfaces that naturally exhibit negligible

electronic coupling capabilities cause a upstanding orientation of the QT mol-

ecules. While QT grows in two subsequent stages on mica, as deduced from

the optical spectra only, its upright orientation rigorously occurs beginning

at submonolayer coverage on quartz glass [137, 138]. We have seen that not

only these two growth modes can be unambiguously distinguished by means

of DRS, but also that the fundamental dissimilarities with the optical spectra

on the conductive substrates discussed here can only be explained by entirely

different film structures.

The comparison of these QT systems on various substrates serves as an

instructive example for the elucidation of the structure–properties-relations of

thin molecular films.



4 Optical Manifestation of

Metal–Organic Charge

Transfer

The second chapter containing experimental results is meant to be a con-

sequent extension of the preceding one. We will aim for a classification of the

electronic coupling of organic adsorbates to different metal substrates, which

may in principle be accompanied by charge transfer (CT). For this purpose,

3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) will be in focus here,

since the electronic properties of PTCDA thin films on various metal surfaces

have been intensively elaborated in the recent past. In particular, Au, Ag, and

Al surfaces will be used for epitaxial thin film growth monitored with differential

reflectance spectroscopy (DRS). We present clear optical evidence for ionized

PTCDA at several interfaces and propose the CT to be related to the electronic

level alignment governed by interface dipole formation on the respective metals.

Some of our findings actually disagree with previous studies to a certain extent,

and we anticipate that new beneficial insight to the current understanding of

CT effects in the proximity of metal surfaces can be established.

4.1 Introduction

The electronic properties of organic dyes are markedly affected by the prox-

imity of metal surfaces, depending on the strength of the metal–organic inter-

action [22, 23, 25, 26]. We have demonstrated in the previous chapter that

this electronic coupling is evidently reflected in the optical behavior of thin

QT films, even on an inert noble metal (gold) surface. In particular, the op-

tical absorption of the molecular contact layer appears broadened and almost

structureless, while it is possible to suppress such a coupling by an organic

spacer layer only one atom in height.

Here we would like to expand these studies by varying the type of metal

used as substrate. For this purpose we choose Au, Ag, and Al surfaces in order

to cover a broad range from inert to rather reactive metals. Furthermore,

3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA, see Table 2.1) will be
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in focus here, since this molecular species has received outstanding scientific

attention concerning the epitaxial growth as well as the electronic spectra of

thin films. For example, it is known from photoelectron spectroscopy, high-

resolution electron energy-loss spectroscopy (HREEL), and density functional

theory (DFT) that the molecular orbitals of highly ordered PTCDA thin films

differ noticeably for various metal substrates ranging from weakly to highly

interacting, including the examples named above [158–163]. We will elucidate

the literature data in more detail where appropriate.

The good quantitative agreement of the PTCDA film structures observed

by us on the various metal surfaces with those published [164–170] deci-

sively enhances the comparability between different measurements. Briefly

summarized, our epitaxial PTCDA films exhibit flat-lying molecules forming

two closed MLs before island growth sets in (Stranski-Krastanov growth, cf.

Refs. [166–168, 171]). The unit cell parameters of the plane of contact are

usually very close to the (102) “herringbone” plane of the known bulk crystal

structure, which itself exhibits two polymorphs, namely the α- and the β-phase

[44, 172–174]. The lattice parameters of both phases are listed in Table 4.1

and are correspondingly visualized in Figure 4.1. Both polymorphs can be ra-

tionalized as stacked sheets with a small lateral displacement of adjacent (102)

planes in which the molecules lie flat. Within one such sheet, the separation

of nearest neighbors is comparatively large (≈ 1.2 nm) and the resulting π-

orbital overlap is rather weak. However, the overlap between two face-to-face

stacked molecules with an intermolecular distance of only d(102) ≈ 0.32 nm (cf.

Table 4.1) is significantly higher. Consequently, the crystal can be regarded as

a two-dimensional array of one-dimensional stacks. Hence, we speak of quasi-

one-dimensional crystals with strong intermolecular orbital overlap, which can

be favorably addressed by established exciton theories [52, 58–61].

Table 4.1: Bulk crystal structure of PTCDA: monoclinic, space group P21/c, two

molecules per unit cell. Adapted from [44, 172, 173]. Standard deviations (given in

parentheses) are available for the β-phase only [44].

a(Å) b(Å) c(Å) β(◦) V (Å
3
) d†(102)(Å)

α-phase∗ 3.74∗ 11.96 17.34 98.8 766.5 3.219

β-phase 3.78(01) 19.30(03) 10.77(02) 83.6(1) 780.8 3.250

∗The lattice parameters of the α-phase listed in Ref. [173] were cited in Ref. [44], however
with a different value for a (3.74 Å instead of 3.72 Å in the original publications [172, 173]).
†The distance d(102) = ac · sinβ/

√
4a2 + c2 − 4ac · cos β between adjacent (102) planes was

calculated with the values given here and in Ref. [44]. Replacing a with the original value
of 3.72 Å [172, 173] yields d(102) = 3.205 Å for the α-phase.
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Figure 4.1: Illustration of the PTCDA bulk crystal structure, upper panels: α-

phase, lower panels: β-phase. a) Representation of the respective three-dimensional

unit cells, adapted from Ref. [174]. The (102) planes are shaded in gray. b) Projection

onto the (102) planes. PTCDA molecules of two adjacent layers are sketched differently,

and the lateral shifts between them are indicated. The rotational angle of the molecules’

long axes with respect to the rectangular (102) unit cells are given. The van der Waals

dimensions of PTCDA are approximately 1.42 nm× 0.92 nm [112, 170].

Only few exceptions from these general statements are found, where either

flat-lying PTCDA square phases, with no known bulk analogy, or a rod-like

structure with upstanding molecules were observed [165, 166, 170, 175]. How-

ever, these exceptions are not relevant for the films investigated here.

4.2 PTCDA on Au(111) and Au(100)

This section addresses the optical spectroscopy performed on PTCDA thin

films on low index surfaces of gold single crystals. In the past, analogous in-

vestigations were the subject of a similar, yet in central aspects very different

publication [176]. However, the ex situ character of the technique used at

that time did not allow for an unambiguous identification of interface forma-

tion processes, such as coupling versus decoupling, or metal–organic charge

transfer, on the basis of the spectra obtained then. It was also shown in the

meantime that especially PTCDA films may be subject to pronounced struc-

tural reordering when transferred from UHV to ambient conditions, with a

strong impact on the optical behavior [76]. Thus, UHV and cleanliness are
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crucial prerequisites for such experiments. Further, the evaluation of compa-

rable optical data of PTCDA on Au(111) previously given in the PhD thesis of

Robert Nitsche [79] differs from the present work. We propose an alternative

interpretation of the optical spectra as discussed hereafter and in Ref. [177].

Differential Reflectance Spectra. The differential reflectance spectra as a

function of PTCDA film thickness on Au(111) are shown in Figure 4.2. Mo-

tivated by the abruptly emerging sharp features in the DRS for d > 1 ML,

we expand the two components (metal / nMLs PTCDA) to a hypothetical

three-phase system (metal / 1st ML PTCDA / (n − 1) MLs PTCDA) by set-

ting a new baseline after completion of the 1st ML of PTCDA (dashed line in

Figure 4.2):

DRS∗(E, d∗) :=
R(E, d∗)−R(E, d0)

R(E, d0)
, (4.1)

where d∗ = d−d0 means the reduced nominal film thickness, and R(E, d0) is the

reflectance of the metal covered with d0 := 1 ML of PTCDA. We would like to

emphasize that we do not introduce any sort of model here, as Equation (4.1)

is in fact an approximation based on the observation that the optical response

of the first ML appears to be separated from further layers grown on top,

as demonstrated in the following. This situation is schematically depicted

in Figure 4.3. It is already visible in Figure 4.2 that the DRS signal of up

to d ≈ 1 ML is broad and essentially featureless. Distinct peaks suddenly

appear upon growing the 2nd ML of PTCDA, as also evidenced in the DRS∗

(cf. Figure 4.4).
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Figure 4.2: Drift-corrected differential reflectance spectra (DRS, Equation (2.12))

of PTCDA deposited on Au(111). The total nominal film thicknesses d are given.
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Figure 4.3: Scheme of the Stranski-Krastanov growth of PTCDA on metal surfaces.

Intuitively, the interaction between face-to-face stacked PTCDA molecules would dictate

the optical response as drawn in the upper panels. In contrast, the strong electronic

coupling to the metal substrate leads to an optical behavior comparable to a hypothetical

three-phase system as visualized in the lower panels. Thus, for our analysis we treat the

1st ML as part of a new substrate being consequently characterized by R(E, d0 = 1ML).
This evaluation in terms of DRS∗ (cf. Equation (4.1)) differs from Ref. [79].

Wavelength (nm)

800 700 600 500 400

1.5 2.0 2.5 3.0
-0.15

-0.10

-0.05

0.00

Energy (eV)

D
R

S
*

thickness d*

0 ML

1 ML

2 ML

3 ML

4 ML

5 ML

6 ML

7 ML

Figure 4.4: Drift-corrected differential reflectance spectra (DRS∗, Equation (4.1))

of PTCDA deposited on Au(111). The reduced nominal film thicknesses d∗ = d−1 ML
are given, in contrast to Figure 4.2. We thereby assume a hypothetical three-phase

system (metal / 1st ML PTCDA / (n− 1) MLs PTCDA).

This procedure is not obvious at first glance as it implies that formerly

identical molecules are now to be treated separately in the 1st and 2nd MLs.

Moreover, it is not suitable for all molecule–substrate combinations, since a

clear electronic decoupling is a prerequisite for the separate treatment. For

instance, monomer spectra exhibiting a vibronic progression are not observed

if the 1.93 ML thick QT film on Au(111) is considered as 0.93 ML of QT de-
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posited on a closed QT monolayer on Au(111) (dash-dotted curve in Figure 3.4

on page 51). Instead, this spectrum rather bears the broader dimeric character

known from the 1.93 ML QT spectrum on the HBC spacer layer (thick blue

curve in Figure 3.11 on page 62). In addition, the pronounced interaction be-

tween adjacent QT layers seemed to be associated to almost coinciding optical

transition energies of QT monomers and the hybridized contact layer of QT

on Au(111). However, as this coincidence can also be stated for the PTCDA

layers on Au(111) here, we conclude that dissimilar optical transition energies

of the 1st and 2nd molecular layers are not a necessary condition for the occur-

rence of electronic decoupling between them. Hence, caution is advised when

applying this three-phase approach.

Dielectric Function Extracted from DRS. The according ε′′ (and ε′) spec-

tra extracted from the original DRS and from the reduced DRS, i.e., DRS∗,

are depicted in Figure 4.5. The broad character of the 1st ML of PTCDA in

the DRS directly translates to broad ε′′ spectra centered at 2.26 eV. As a

matter of fact, the submonolayer spectra (d < 1 ML) exhibit virtually no de-

viation from the d ≈ 1 ML spectrum and therefore only a selection is shown

in Figure 4.5. Because of the large intermolecular distance between nearest

neighbors the in-plane dimerization should be negligible, as recently demon-

strated for insulating substrates [32, 37]. However, the spectrum of the 1st ML

of PTCDA on Au(111) does not exhibit the monomeric shape known on inert

(i.e., non-metallic) surfaces, most evidently on mica and KCl [32, 37]. This

behavior must be due to a comparatively strong coupling of molecular orbitals

to electronic states extending perpendicularly from the metal surface. Conse-

quently, significant broadening of the adsorbate levels, as described, e.g., by

the Anderson–Newns model [143, 144], is observed which may be addition-

ally accompanied by charge transfer. This effect is also called metal–organic

“hybridization” in the literature [178, 179] and has been examined for the

molecular energy levels by means of photoelectron spectroscopy and electron

energy loss spectroscopy measurements [145, 161]. The impact of this phe-

nomenon on the optical transitions of molecular adsorbates on metal surfaces

as reported here has been described before in Section 3.2 and in Ref. [133].

For PTCDA thicknesses of d > 1 ML (i.e., d∗ > 0 ML), several peaks

emerge, as depicted in the upper part of Figure 4.5b, and show almost no vari-

ation until completion of the 2nd ML (i.e., d∗ = 1 ML; intermediate coverages

omitted in Figure 4.5 for clarity). Clearly, this spectrum of d∗ = 1 ML can be

divided into two different parts which will now be discussed separately.

In the range E & 2.2 eV, the spectral shape can be assigned to neutral

monomers since the main feature at 2.32 eV with its vibronic progression of

∆Evibron ≈ 0.17 eV corresponds to the spectra recorded in solution (cf. Fig-

ure 2.3) and on insulating surfaces [32, 37]. This means in turn that there can
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Figure 4.5: a) Real part ε′, and b) imaginary part ε′′ of the dielectric function

ε̂ = ε′ − iε′′ of PTCDA deposited on Au(111). For thicknesses up to d = 1 ML (lower

panels) ε̂ was extracted from the original DRS shown in Figure 4.2. There is virtually

no deviation in the respective spectral series for both ε′ and ε′′. For thicknesses of

d > 1 ML (i.e., d∗ > 0 ML, upper panels) ε̂ was extracted from the reduced DRS, i.e.,

DRS∗, shown in Figure 4.4, see text for explanations. For clarity, only selected spectra

are presented. Arrows indicate the spectral development with increasing film thickness.

The independently determined ε̂ spectrum of a comparatively thick polycrystalline (pc)

PTCDA film on glass is shown in comparison (adapted from Ref. [65]).

only be marginal coupling between the 2nd and the 1st ML of PTCDA provid-

ing further legitimation for the above three-phase approach. This is somehow

surprising as one would intuitively expect physical dimerization between face-

to-face stacked identical aromatic molecules. However, for E & 2.2 eV the

2nd ML of PTCDA remarkably behaves optically like an ensemble of mono-

mers, or, in other words, like the 1st ML on an insulating substrate. This

fact reminds us of the results for quaterrylene grown heteroepitaxially on an

atomically thin hexa-peri -hexabenzocoronene monolayer (cf. Sections 3.4 and

3.5): We conclude that the energy levels of the 1st ML of PTCDA on Au must



86 4 Optical Manifestation of Metal–Organic Charge Transfer

also differ considerably from the levels of decoupled PTCDA in the subsequent

layers, thereby inhibiting noticeable coupling.

It is intriguing to note that in the range E . 2.2 eV a new peak at 2.05 eV

(or 2.03 eV, respectively, for an identical PTCDA thickness on Au(100)) has

emerged which does not belong to the absorbance of neutral PTCDA mono-

mers. Considering the ε′′ spectra of comparatively thick PTCDA films on glass

[65] it is obvious that this feature can also not be explained by aggregation

effects. Hence, it must be of different nature, and we attribute this peak to

PTCDA radical cations (PTCDA•+). For a univocal identification of this fea-

ture, it would be advisable to compare our ε′′ values to absorbance spectra of

charged PTCDA in solution. However, to our knowledge complete datasets

are not available which is probably due to PTCDA’s rather poor solubility.

Still, several publications contain optical absorption spectra of soluble neu-

tral and charged PTCDA derivatives, namely DBPI and PBI (cf. Table 2.1)

with a high degree of optical equivalence of the according perylene derived

chromophores [30, 31]. Although ionized with dissimilar methods, the energy

difference ∆E of the cationic main peaks with respect to the associated neutral

molecules amounts to 0.29 eV and 0.28 eV, respectively (cf. Figure 4.15 and

Table 4.2). Here, we compare relative peak positions rather than absolute val-

ues due to the presence of different solvent shifts and dielectric backgrounds in

the respective experiments. The positions of the new PTCDA peaks observed

here lowered by ∆E ≈ 0.27 eV and 0.29 eV compared to the main monomeric

features on Au(111) and Au(100), respectively, nicely agree with the above

values. In contrast, the spectral signatures of the anionic PTCDA derivatives

exhibit a multitude of pronounced features shifted by more than 0.5 eV toward

lower energies compared to the absorption peaks of the corresponding neutral

species [30, 31]. Hence, we can exclude the presence of anionic PTCDA in the

2nd ML on Au(111) and Au(100).

For further increasing film thickness, a characteristic development of the ε′′

spectra sets in (Figure 4.5 upper part, d∗ > 1 ML). The monomeric features

begin to disappear, and the spectral shape broadens forming a new shoulder at

≈ 2.2 eV. The peak at 2.05 eV (or 2.03 eV, respectively) assigned to cationic

PTCDA vanishes suggesting that the 3rd ML and further layers bear no or

just very few charges, and, accordingly, this feature diminishes with rising film

thickness as the fraction of neutral PTCDA steadily increases. The develop-

ment is accompanied by distinct intersections of all spectra in three isosbestic

points at ≈ 2.12 eV, 2.25 eV, and 2.40 eV. Isosbestic points are an expression

of aggregation to higher quasi-one-dimensional PTCDA stacks, i.e., the phys-

ical monomer–oligomer transition [32, 63], cf. Section 2.2.3. Here, we would

like to place emphasis on an independently measured ε′′ spectrum of a rather

thick polycrystalline (pc) PTCDA film on a glass substrate [65] which also

coincides very nicely with these intersections. Further, the fast convergence
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of our ε′′ (and ε′) spectra toward the pc bulk behavior is remarkable as it in-

dicates that the adsorbate dielectric function becomes substrate-independent

at quite low film thicknesses. The persistence of the monomeric feature at

2.32 eV for several nominal MLs confirms the Stranski-Krastanov growth with

clusters forming on top of a closed 2 ML thick film.

All of the above key statements about the optical spectra and their film

thickness-dependent development made primarily for PTCDA on Au(111) are

equally valid on Au(100) as substrate, except for some very slight deviations

within the experimental accuracy on the energy scale. Consequently, we can

rule out that our observations would be a mere effect of film structure which

exhibits a number of different phases and orientations due to the distinct

substrate symmetries and surface reconstructions [165]. Likewise, the known

Au(111) surface state can not be responsible for the observed phenomenon

either. The dissimilarities between PTCDA films on Au(111) and Au(100)

actually play only a minor role in the respective optical response. Hence, we

will not explicitly discuss the results obtained for PTCDA on Au(100) in detail

here. Instead, they will be briefly presented in the Appendix.

4.3 PTCDA on Ag(111)

Following the above findings, one is apt to replace the gold substrate with a

different metal, such as silver, possessing an appreciably smaller workfunction

ΦAg < ΦAu and hence causing a significantly different level alignment. We

have chosen Ag(111) since its interface with PTCDA is very well characterized

by photoelectron spectroscopy and related methods [160, 161]. For instance,

an almost vanishing interface dipole ∆ was reported for PTCDA on Ag(111),

in contrast to Au(111) substrates [160, 161]. Yet, the detailed picture of the

electronics at this interface is much more complicated and will be explained in

Section 4.6.

Differential Reflectance Spectra. The thickness-dependent DRS of PTCDA

on Ag(111) is depicted in Figure 4.6. Up to d ≈ 1 ML the spectra are rather

broad and hardly possess any clear features, as also observed on Au(111) in

Section 4.2. At thicknesses of d & 1 ML several peaks abruptly emerge (not

shown in Figure 4.6) which immediately remind us of the monomer features

discussed previously. We therefore apply the same analysis method in terms

of the reduced DRS, i.e., DRS∗ (Equation (4.1)) as introduced earlier. The

corresponding DRS∗ series is plotted in Figure 4.7.

Dielectric Function Extracted from DRS. In accordance with Section 4.2

we extract the dielectric function ε′′ (and simultaneously ε′) from the DRS for

thicknesses of d . 1 ML, while the DRS∗ is used for thicknesses of d > 1 ML,
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Figure 4.6: Drift-corrected differential reflectance spectra (DRS, Equation (2.12))

of PTCDA deposited on Ag(111). The total nominal film thicknesses d . 1 ML are

given.
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Figure 4.7: Drift-corrected differential reflectance spectra (DRS∗, Equation (4.1))

of PTCDA deposited on Ag(111). The reduced nominal film thicknesses d∗ = d−1 ML
are given, in contrast to Figure 4.6. We thereby assume a hypothetical three-phase

system (metal / 1st ML PTCDA / (n− 1) MLs PTCDA).

i.e., d∗ > 0 ML (cf. Figure 4.8). Again, we would like to discuss these thickness

ranges separately in the following.

Up to monolayer coverage, i.e., for d . 1 ML, the ε′′ spectra are very broad
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Figure 4.8: a) Real part ε′, and b) imaginary part ε′′ of the dielectric function

ε̂ = ε′ − iε′′ of PTCDA deposited on Ag(111). For thicknesses up to d = 1ML (lower

panels) ε̂ was extracted from the original DRS shown in Figure 4.6. There is almost

no deviation in the respective spectral series for both ε′ and ε′′. For thicknesses of

d > 1 ML (i.e., d∗ > 0 ML, upper panels) ε̂ was extracted from the reduced DRS, i.e.,

DRS∗, shown in Figure 4.7, see text for explanations. For clarity, only selected spectra

are presented. Arrows indicate the spectral development with increasing film thickness.

The independently determined ε̂ spectrum of a comparatively thick polycrystalline (pc)

PTCDA film on glass is shown in comparison (adapted from Ref. [65]).

and bear no resemblance with the monomeric absorption spectra of dissolved

PTDCA. As also observed on Au(111), the submonolayer spectra show only

very little variation. No vibronic substructure is apparent, however, two small

features at ≈ 1.56 eV and ≈ 1.85 eV may be noticed in Figure 4.8b (bottom

part). Since the overall spectral quality is more noisy than on Au(111), these

features should not be overestimated here. Yet, they occur in all the spectra

of up to d ≈ 1 ML at roughly identical spectral positions and are therefore not

believed to be artifacts. Remarkably, these transition energies are in excellent

agreement with the peaks of negatively charged PTCDA derivatives, namely
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DBPI and PBI [30, 31] (cf. Figure 4.15). They might thus stem from PTCDA

radical anions (PTCDA•−) coexistent with hybridized neutral molecules.

For PTCDA thicknesses of d > 1 ML (i.e., d∗ > 0 ML), the spectral shape

changes drastically (cf. Figure 4.8, upper part). Comparable to the behav-

ior on Au(111) discussed above, distinct peaks emerge up to d∗ = 1 ML at

2.31 eV, 2.47 eV, and ≈ 2.64 eV, resembling the monomeric absorption spectra

recorded in solution (cf. Figure 2.3) and on insulating surfaces [32, 37] with a

vibronic progression of ∆Evibron ≈ 0.17 eV. This spectral fingerprint similar to

that of an isolated molecule indicates rather weak coupling to the underlying

substrate and likewise only negligible in-plane interactions with surrounding

molecules. Although we had observed such a decoupling effect for the 2nd ML of

PTCDA on Au(111) in Section 4.2, the similarity of the behavior on Ag(111)

is nonetheless remarkable, because an entirely different electronic alignment

and even the formation of a covalently bound 1st ML with distorted PTCDA

molecules had been reported for the latter surface [161]. Yet, beginning at

d ≈ 1 ML, the ε′′ (and ε′) spectra of PTCDA on Au(111) and Ag(111) look

alike except for the lower photon energies. In fact, for E . 2.2 eV no clear

peak can be identified at ≈ 2.05 eV here, and thus PTCDA•+ can be ruled

out in the 2nd ML (and further layers) of PTCDA on Ag(111). Judging from

the small features in the region of ≈ 1.85 eV one might rather be inclined to

conclude the presence of (a small fraction of) PTCDA•− in the ε′′ spectra of

the 2nd ML (i.e., d∗ = 1 ML). Admittedly, these features vanish with increas-

ing film thickness, which would be characteristic for a peak related to charged

molecules that are located in the 2nd ML. However, the experimental accuracy

achieved here does not permit to establish unquestionable evidence.

Further deposition of PTCDA beyond d∗ = 1 ML leads to intermolecu-

lar dimerization and to the creation of higher quasi-one-dimensional molec-

ular stacks, as manifested in the spectral broadening and the convergence

toward the independently measured ε̂ spectrum of a comparatively thick poly-

crystalline (pc) PTCDA film on glass, shown in Figure 4.8 (upper part) for

comparison. Substrate-independence is only reached at rather high nominal

thicknesses of d∗ & 10 ML with a different peak height ratio of the double

feature at 2.48 eV and 2.56 eV compared to the final spectra on Au(111) (cf.

Figure 4.5). This might probably be caused by slight deviations in the thin

film structures on these two substrates which might be closer to either the α-

or the β-phase that are also known to be spectrally different [64].

4.4 PTCDA on Al(111) and Polycrystalline Al

We have seen in Sections 4.2 and 4.3 that although the PTCDA film structures

are comparable, the optical spectra differ appreciably between Au and Ag

surfaces. It seems that the lower workfunction of silver compared to that
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of gold (ΦAg < ΦAu) has an impact on the intensity and probably even on

the direction of the proposed charge transfer. Hence, we will include another

metal surface in this survey in order to clarify to what extent we can generalize

our observations. We have chosen aluminum which possesses an even lower

workfunction than silver (ΦAl < ΦAg).

This choice also constitutes some unavoidable inconveniences. First, freshly

prepared, clean Al surfaces are highly reactive and tend to oxidize very rapidly

even in UHV. Christian Golnik has demonstrated by means of Auger electron

spectroscopy (AES) in his diploma thesis [180] that Al(111) surfaces clearly re-

oxidize under our experimental conditions within 10 to 30 min after thorough

sputter cleaning and annealing. It took only a total of 60 min to re-establish

the completely oxidized character known from untreated Al surfaces. Second,

the Ar+ sputtering itself is much less efficient than for Au or Ag, rendering

the preparation procedure much more challenging, while the surface quality is

often inferior to the latter two metals. As a result, comparatively high surface

roughnesses of Al(111) single crystals can be concluded from the relatively high

noise level in LEED images [180]. Third, the bulk dielectric function and hence

the spectral coefficients A and B (compare Figure 2.9) of Al imply the distinct

disadvantages that |A| is about 4 times smaller than on Ag and 10 times smaller

than on Au, while |B| is non-negligible compared to |A| even at low energies.

For this reason, the approximation made in Equation (2.54) is not valid here,

and we have to face the consequences illustrated in Figure 4.9. There, we

computed the hypothetical DRS of a 1 nm thick PTCDA film on Au, Ag,

and Al by means of the commercially available thin film optics software Film

WizardTM (Scientific Computing International), using the dielectric function

of polycrystalline (pc) PTCDA [65]. As a consequence of the rather low A-

coefficient of Al, the maximum signal intensities scale as Imax
Al : Imax

Ag : Imax
Au ≈

1.0 : 3.8 : 9.2 (cf. Figure 4.9a), meaning a signal-to-noise ratio of almost an
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order of magnitude lower on Al than on Au. In addition, the DRS of PTCDA

on Al does not converge to zero at low photon energies as opposed to Ag

and Au substrates (cf. Figure 4.9b), rendering a first order drift-correction

outlined in Section 2.3.3 rather tricky, if not impossible. All these facts for

PTCDA films on Al surfaces considered, we expect to reach the limits of what

is currently measurable with our setup.

LEED images of PTCDA films of various thicknesses on Al(111) did not

exhibit any evaluable contrast. Even post-growth annealing of the PTCDA

films up to 150 ◦C did not yield any recognizable LEED spots [180]. Highly

ordered growth, being the predominant situation on a broad range of other

substrates, can thus not be substantiated here. Nevertheless, for the analysis

of our data we assume a thin film structure comparable to the ones on Au(111)

and Ag(111), i.e., flat-lying densely packed molecules growing in Stranski-

Krastanov mode.

Differential Reflectance Spectra. Figure 4.10 displays the DRS according

to Equation (2.12) of up to d ≈ 1 ML thick PTCDA films grown on Al(111). As

mentioned above, the drift-correction turned out to be challenging, since some

discontinuities, i.e., ‘jumps’ of entire spectra sporadically occur that can not

be adequately removed (see low energy side of Figure 4.10). In analogy to our

previous observations, clear peaks abruptly evolve at d & 1 ML, which is why

we also treat this spectral series as a hypothetical three-phase system. The

corresponding DRS∗ is depicted in Figure 4.11 according to Equation (4.1).
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Figure 4.10: Drift-corrected, smoothed differential reflectance spectra (DRS, Equa-

tion (2.12)) of PTCDA deposited on Al(111). The total nominal film thicknesses

d . 1 ML are given.
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Figure 4.11: Drift-corrected, smoothed differential reflectance spectra (DRS∗, Equa-

tion (4.1)) of PTCDA deposited on Al(111). The reduced nominal film thicknesses

d∗ = d− 1 ML are given, in contrast to Figure 4.10. We thereby assume a hypothetical

three-phase system (metal / 1st ML PTCDA / (n− 1) MLs PTCDA).

Also in this graph a low energy component of the spectra is visible which is

presumed to be drift-related as it hardly appeared in similar experiments with

different total duration.

Dielectric Function Extracted from DRS. Due to the experimental uncer-

tainties discussed, especially at both ends of the spectral range, the extraction

of the dielectric function is somewhat approximate. Here, we also want to

elaborate the spectral development before and after completion of the 1st ML

of PTCDA separately, focusing on the imaginary part of the dielectric function

depicted in Figure 4.12.

The ε′′ spectrum for d ≈ 1 ML of PTCDA on Al(111) is comparatively

broad (Figure 4.12, lower part). A main peak at roughly 2.47 eV and a smaller

feature at ≈ 1.90 eV determine the overall picture. Both are broadened com-

pared to the known monomeric absorbance of PTCDA and probably accom-

panied by smaller subfeatures. This ε′′ spectrum is narrower than those on

Au and Ag substrates, speaking for a slightly weaker metal–organic coupling

in this case. In the view of the AES results discussed above, it seems likely

that a fraction of the Al(111) surface has re-oxidized before initiation of and

during the film growth, which happens on timescales of 10 to 20 min. PTCDA

molecules on top of a thin aluminum oxide film would not be in direct contact

with the Al(111) surface and thus exhibit a weaker electronic coupling to the

latter. This might cause a contribution of neutral monomers to the signal at



94 4 Optical Manifestation of Metal–Organic Charge Transfer

400500600700800

6

4

2

0

Wavelength (nm)

Energy (eV)

3.02.52.01.5

400500600700800

10

8

6

4

2

0

Wavelength (nm)

Energy (eV)

3.02.52.01.5

Im
a

g
in

a
ry

 p
a

rt
o

f 
d

ie
le

c
tr

ic
 f

u
n

c
ti
o

n
”

e

R
e

a
l 
p

a
rt

o
f 

d
ie

le
c
tr

ic
 f

u
n

c
ti
o

n
’

e
b)a)

thickness d*

1.0 ML

2.0 ML

5.5 ML
(different exp.)

PTCDA
on glass
pc

thickness d

1.0 ML on Al(111)

1.0 ML on Alpc

PTCDA
on glass
pc

400500600700800

6

4

2

0

Wavelength (nm)

Energy (eV)

3.02.52.01.5

400500600700800

10

8

6

4

2

0

Wavelength (nm)

Energy (eV)

3.02.52.01.5

1.90 eV

2.47 eV

1.85 eV

2.39 eV

Figure 4.12: a) Real part ε′, and b) imaginary part ε′′ of the dielectric function

ε̂ = ε′ − iε′′ of PTCDA deposited on Al(111). For d = 1 ML (lower panels) ε̂ was

extracted from the original DRS shown in Figure 4.6. The dotted curves represent an

identical thickness of d = 1ML, but deposited on polycrystalline (pc) Al. For thicknesses

of d > 1 ML (i.e., d∗ > 0 ML, upper panels) ε̂ was extracted from the reduced DRS, i.e.,

DRS∗, shown in Figure 4.11, see text for explanations. For clarity, only selected spectra

are presented. The ε′′ curve of d = 5.5 ML stems from a different experiment on Al(111)

[180]. The independently determined ε̂ spectrum of a comparatively thick polycrystalline

(pc) PTCDA film on glass is shown in comparison (adapted from Ref. [65]).

E & 2.2 eV for d ≈ 1 ML, though considerably broadened by the still present

Al surface. The feature at ≈ 1.90 eV is at too low energies to be attributed

to the absorbance of neutral PTCDA monomers. As the difference in energy

to the peak at 2.47 eV is ∆E ≈ 0.57 eV, this feature is presumably caused

by negatively charged PTCDA, i.e., PTCDA•−, and not by PTCDA•+. The

comparison with absorption data of neutral and charged DBPI and PBI in

solution [30, 31] also suggests that the transitions of the PTCDA anion should

be found at lower energies with a difference of ∆E & 0.5 eV, and those of the

PTCDA cation of only ∆E ≈ 0.28 eV, compared to the main transition of the
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neutral molecule (cf. Figure 4.15 and Table 4.2). We conclude that the 1st ML

of PTCDA on Al(111) comprises neutral molecules and anions as manifested

by the different contributions to the broad ε′′ spectrum.

Additionally, in Figure 4.12 (lower part) the extracted dielectric function

for a similar measurement of d ≈ 1 nm of PTCDA on polycrystalline (pc) Al

is depicted. We can state that this broad spectrum is also dominated by two

peaks, one at 2.39 eV and the other at 1.85 eV, with a difference in energy of

∆E ≈ 0.54 eV. These two peaks presumably have the same origin as those

at 2.47 eV and ≈ 1.90 eV, respectively, on Al(111) discussed above, since only

a small red-shift can be noticed. However, the peaks at 2.39 eV and 1.85 eV

on pc Al are narrower than their counterparts on Al(111). We attribute this

fact to a stronger oxidation of the pc Al surface which was sputtered and

annealed in standard cycles of 15 min per step, as opposed to Al(111) which

was repeatedly sputtered at higher intensities for 2 h while heated to 340 ◦C

with subsequent annealing at 400 ◦C for 30 min [180]. Therefore, we assume

the aluminum oxide layer on pc Al to be more pronounced than on Al(111)

without knowing its exact thickness. Consequently, the signal at E & 2.2 eV

exhibits a stronger resemblance to the neutral monomeric behavior, while the

feature at 1.85 eV attributed to PTCDA•− is more similar to the absorbance

of negatively charged PTCDA derivatives (cf. Figure 4.15).

For PTCDA thicknesses of d > 1 ML (i.e., d∗ > 0 ML) on Al(111), we

observe once more a drastic change in the optical behavior (Figure 4.12, upper

part). Up to d∗ = 1 ML the slightly broadened spectral signature of monomeric

PTCDA can be seen. The main transition is at 2.38 eV with shoulders at

≈ 2.58 eV and≈ 2.73 eV, corresponding to a vibronic progression of ∆Evibron ≈
0.18 eV, similar to the value known for dissolved PTCDA. This means that

we also observe a decoupling of the 2nd ML with respect to the 1st ML on

Al(111). Hence, this appears to be a more general effect of thin PTCDA films

on metal substrates. Due to the mentioned experimental difficulties linked

to the Al(111) surface, one should not overestimate the spectral accuracy at

both ends of the ε′′ spectra here. Especially the non-zero part of the d∗ =

1 ML spectrum at low energies might have been caused by a measurement

artifact, i.e., drift (compare Figure 4.11). Increasing the film thickness up to

d∗ ≈ 5.5 ML leads to the well-known aggregation expressed by the convergence

toward the pc PTCDA bulk behavior.

4.5 PTCDA on HBC on Au(111)

Differential Reflectance Spectra. Having studied PTCDA films grown on

various metal surfaces as well as the associated coupling effects of the 1st ML,

we are indeed reminded of the behavior of the first QT monolayer on Au(111)

discussed in Section 3.2. In the course of our argumentation in Section 3.4, we
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have also demonstrated that an effective decoupling can be readily achieved

by a pre-deposited atomically thin spacer layer consisting of flat-lying densely

packed HBC molecules. Such a functionalized (here in the sense of intentionally

passivated) metal surface would be of even greater value if the effect was

not limited to one specific combination of adsorbates, namely QT and HBC.

With this motivation in mind, we performed similar measurements for PTCDA

grown on an epitaxial monolayer of HBC on Au(111) monitored with DRS (cf.

Figure 4.13). Note that in principle, this DRS corresponds to the reduced DRS,

i.e., DRS∗, here as the 1st ML of HBC is already ascribed to the substrate. A

direct comparison with the previous experiments is also feasible since PTCDA

films on HBC on Au(111) exhibit the flat-lying herringbone alignment known

from the PTCDA bulk crystal, as evidenced by means of STM and LEED [42].
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Figure 4.13: Drift-corrected differential reflectance spectra (DRS, Equation (2.12))

of PTCDA deposited on 1 ML of HBC on Au(111). The total nominal PTCDA film

thicknesses d are given.

Dielectric Function Extracted from DRS. The complex dielectric function

extracted from the DRS is depicted in Figure 4.14. It reveals general char-

acteristics similar to those of the decoupled PTCDA films in the preceding

sections. In terms of the ε′′ spectra we observe a monomeric shape for the first

PTCDA monolayer being slightly broadened. A deconvolution of the d = 1 ML

spectrum by means of Gaussian fitting yields peaks at 2.33 eV, 2.50 eV, and

≈ 2.66 eV stemming from the spectral fingerprint of PTCDA monomers and,

additionally, two weaker features at ≈ 2.16 eV and ≈ 1.98 eV that are nec-

essary to match the low energy tail of this spectrum. The latter two might

actually be an artificial expression of the slightly broader appearance of this
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Figure 4.14: a) Real part ε′, and b) imaginary part ε′′ of the dielectric function

ε̂ = ε′−iε′′ of PTCDA deposited on 1 ML of HBC on Au(111) [DF = dielectric function].

For all PTCDA thicknesses ε̂ was extracted from the DRS shown in Figure 4.13. For

clarity, only selected spectra are presented. The independently determined ε̂ spectrum of

a comparatively thick polycrystalline (pc) PTCDA film on glass is shown in comparison

(adapted from Ref. [65]).

curve compared to the ε′′ spectrum of d∗ = 1 ML of PTCDA on Au(111).

Hence, if there is a small additional peak at ≈ 2.05 eV originating from charge

transfer, it might be concealed by a predominant overall broadening. There-

fore, we can not unambiguously identify PTCDA cations here, and if charging

does occur, it would be at least strongly suppressed compared to PTCDA films

directly on Au(111).

Upon increasing film thickness, aggregation sets in, as manifested by the

fast saturation of the dielectric function which becomes comparable to that of

a rather thick film of polycrystalline (pc) PTCDA (cf. Ref. [65]). However, the

magnitudes of the ε′ and ε′′ spectra are too high by a factor of ≈ 1.5 compared

to the pc PTCDA data. This might be due to an imprecise film thickness

determination, probably caused by a different growth mode. At present, we

can not explain this circumstance with absolute certainty.

4.6 Summary and Comparative Discussion

4.6.1 Absorbance of PTCDA Derivatives in Solution

For the sake of completeness, we want to collect here the most characteristic

ε′′ spectra discussed in the preceding sections. Since the optical response of

the 1st and 2nd MLs of PTCDA are most severely affected by the presence of

the metal substrates, they are compiled in Figure 4.15. They are compared

to absorbance data of dissolved DBPI and PBI in the neutral, anionic, and

cationic states [30, 31], as also summarized in Table 4.2. It is remarkable
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that on all metal surfaces considered the spectra of d∗ ≈ 1 ML of PTCDA

are very similar for E & 2.2 eV clearly showing the spectral fingerprint of

the neutral PTCDA monomer with different degrees of broadening, i.e., the

2nd ML behaves optically as if it were deposited on an insulating substrate.
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are compared to absorbance data of dissolved DBPI and PBI in the neutral, anionic, and

cationic states, not to scale (adapted from Refs. [30, 31]).
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4.6.2 Electronic Structure on Metal Surfaces

Finally, we discuss our findings in the view of electronic coupling and energy

level alignment with the respective substrates. Two different approaches will

be presented in the following: (i) the HOMO/LUMO alignment picture, and

(ii) the integer charge transfer (ICT) model.

HOMO/LUMO Alignment. The electronic structure of thin PTCDA films

on various metal surfaces has been intensively studied in the recent past [36,

158, 160–162, 179, 182]. In the majority of these publications, it is postulated

that the capability to transfer charge is determined by the alignment of the

HOMO and LUMO of PTCDA (or levels derived from these molecular orbitals)

with respect to the metal Fermi energy EF, driven by the reactivity of the

metal, i.e., the tendency to form covalent bonds with the organic adsorbate.

This picture is visualized in Figure 4.16.
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Figure 4.16: a) Schematic energy diagrams of PTCDA thin films on Au(111),

Ag(111), and Cu(111) [BE = binding energy]. The pristine metal substrates are shaded.

The level alignment of the interface layer and of the multilayer follow from left to right.

Occupied levels (filled rectangles) were measured with UPS [161]. The relative positions

of the unoccupied levels (open rectangles) were estimated from inverse photoelectron

spectroscopy (IPES) [182]. HOMO and LUMO are labeled H and L, while the HOMO

and LUMO derived states of the interface layers are labeled H′ or H′′ and L′ or L′′,

respectively. b) Bonding distances dH with respect to the surfaces, measured with the

x-ray standing wave (XSW) technique [33, 183, 184]. Gray filled circles represent carbon,

open circles represent oxygen atoms (Oα = anhydride, Oβ = carboxylic). The positions

of Oα and Oβ on Au(111) were not measured and are assumed to be in the molecular

plane (undistorted molecules). Reproduced from Ref. [161].

It is a well-established fact that the Ag(111) surface induces a profound

alteration of the molecular levels of adsorbed PTCDA [160, 161]. In this case,

the electronic coupling is strong enough to pull down the LUMO of PTCDA



4.6 Summary and Comparative Discussion 101

below the Ag Fermi edge leading to a partial filling of what used to be the

LUMO before the actual deposition (cf. Figure 4.16a). Consequently, PTCDA

is covalently bound to the Ag(111) surface (“chemisorption”), and negatively

charged molecules are located at this interface. However, the measured al-

teration of the workfunction of only ≈ 0.1 eV is by far too small for such a

pronounced charge transfer [160, 161]. This discrepancy was explained by the

occurrence of charge back-donation from PTCDA to Ag(111), including at

least the former HOMO and the HOMO−1, which also seem to shift in energy

[160]. Therefore, the net charge transfer is small but not necessarily zero, and

charged molecules may actually exist in the 1st ML of PTCDA on Ag(111).

Still, it remains a speculative matter whether the optical features at ≈ 1.56 eV

and ≈ 1.85 eV observed here can really be assigned to PTCDA•−, since all the

molecular levels close to the gap are involved in the energetic realignment, and

electronic transitions are thus difficult to be categorized. A univocal interpre-

tation is further hampered as the molecular geometry becomes considerably

distorted upon the formation of covalent bonds, where the carboxylic (outer)

oxygen atoms are bent toward and the anhydride (inner) oxygen atoms are

bent away from the Ag(111) surface (cf. Figure 4.16b). The UPS data for

PTCDA multilayers on Ag(111), however, are almost identical to those on

Au(111) or Cu(111) [160, 161], speaking for a much weaker influence of the

respective substrates on the molecular frontier levels. This fact renders the

observation of the spectral fingerprint of neutral PTCDA monomers in the

2nd MLs plausible, except for the optical features at E . 2.2 eV on Au and Al

which are attributed here to charge transfer.

The situation changes when a rather inert noble metal, such as Au(111),

is used as a substrate. It is stated in a recent UPS study that “. . . no clear

signature of molecule–metal reaction-induced peaks within the energy gap re-

gion of PTCDA was observed in the spectra of PTCDA/Au(111), even at

sub-monolayer coverage. [. . . ] If the charge transfer for PTCDA/Au(111)

were very small, the experimental observation would merely be limited by the

fact that the newly induced density of states is simply too low to be detected

[by UPS].” [161]. Consequently, PTCDA on Au(111) has been classified as a

weakly interacting system [161, 179]. The measured position of the PTCDA

HOMO is not significantly altered by the presence of the Au(111) surface,

cf. Figure 4.16a. Thus, it seems contradictory to optically detect a (partly)

positively charged 2nd ML as claimed above. The interface dipole formation

between 1st and 2nd MLs of PTCDA on the respective metals was not con-

sidered as a central aspect in the HOMO/LUMO alignment picture outlined

above, and therefore charging of the 2nd ML of PTCDA, especially on Au(111),

is generally believed to be irrelevant. However, we would like to demonstrate

in the following that another model might be better suited to describe the

interface formation, particularly between the 1st and the 2nd MLs.
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Integer Charge Transfer Model (ICT). It is in general recognized that the

electronic behavior of the 1st ML of PTCDA on various metal surfaces dif-

fers fundamentally from that of further layers grown on top [160, 161]. We

also demonstrated here that the 2nd ML of PTCDA on the respective metals

behaves optically as if it were deposited on an insulating substrate. This elec-

tronic decoupling is corroborated by the occurrence of vibrationally resolved

monomeric spectra similar to isolated molecules. The interface between 1st

and 2nd MLs is therefore characterized by a negligible hybridization of the ad-

sorbate and substrate wavefunctions and can hence be adequately described as

an organic–organic heterojunction. It is of vital importance to realize that for

the 2nd ML of PTCDA, the “substrate” comprises the metal surface and the

1st ML of PTCDA which is rather strongly hybridized to the latter as evidenced

by UPS and also manifested in the broad optical spectra. Consequently, the

EF

SUBF

HOMO

EICT+

EICT–

LUMO

EF

SUBF

HOMO

EICT+

EICT–

LUMO

e-

EF

SUBF

HOMO

EICT+

EICT–

LUMO

} D F= - EICT+SUB

EF

SUBF

HOMO

EICT+

EICT–

LUMO

EF

SUBF

HOMO

EICT+

EICT–

LUMO

EF

SUBF

HOMO

EICT+

EICT–

LUMO

EF

SUBF

HOMO

EICT+

EICT–

LUMO

e- EF

SUBF

HOMO

EICT+

EICT–

LUMO
{D = E      -ICT– SUBF

c)

b)

a)

Figure 4.17: Schematic illustration of the integer charge transfer (ICT) model.

Proportions are exaggerated to aid the viewer. In our three-phase approach, the substrate

characterized by the workfunction ΦSUB comprises the metal and the 1st ML of PTCDA.

a) ΦSUB > EICT+, charge transfer from the adsorbate to the substrate and Fermi level

pinning to EICT+. b) EICT− < ΦSUB < EICT+, no charge transfer, but vacuum level

alignment (∆ = 0). c) ΦSUB < EICT−, charge transfer from the substrate to the

adsorbate and Fermi level pinning to EICT−. Reproduced from Ref. [26].
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total substrate (i.e., metal + 1st ML of PTCDA) is characterized by the work-

function ΦSUB. Such organic–organic interfaces or interfaces between organic

molecules and passivated (e.g., oxidized or covered with residual hydrocar-

bons) substrates can be favorably described by the integer charge transfer

(ICT) model [26]. In this case, the decoupling of the molecular π-electrons

from the substrate wavefunctions prevent a partial electron transfer. For suf-

ficiently thin passivating layers (e.g., flat-lying aromatic monolayers) electrons

can still be transferred via tunneling, provided that the substrate workfunction

ΦSUB is greater (smaller) than the energy required to form a positively [EICT+]

(negatively [EICT−]) charged state in the organic compound.∗ The resulting

self-localized charged states are called polarons. The ICT states appear as new

features in the otherwise forbidden energy gap of the molecules, separated from

the HOMO/LUMO edges. The charge transferred from the molecules to the

surface in proximity is located nearby enabling Coulomb interaction, unlike

in PES or IPES experiments, for example. In conclusion, it has been pro-

posed that “. . . for all cases except highly crystalline molecular films showing

band-like transport, the position of the HOMO and LUMO relative to the

vacuum level are not the relevant energies to determine the energy-level align-

ment at this type of weakly interacting interfaces.” [26]. Instead, the ICT

model applies, which is depicted in Figure 4.17. Three possible cases can be

distinguished:

a) ΦSUB > EICT+ : Electrons tunnel spontaneously from the organic ad-

sorbate into the substrate. Charge depletion in the molecular film and

accumulation at the substrate side of the interface create a dipole lower-

ing the vacuum level. Equilibrium is reached when EICT+ + ∆ = ΦSUB.

b) EICT− < ΦSUB < EICT+ : Spontaneous charge transfer across the inter-

face does not occur. Vacuum level alignment is achieved.

c) ΦSUB < EICT− : Electrons tunnel spontaneously from the substrate into

the organic adsorbate. Charge accumulation in the molecular film and

depletion at the substrate side of the interface create a dipole raising the

vacuum level. Equilibrium is reached when EICT− −∆ = ΦSUB.

At first glance, the workfunctions of the substrates used here ΦAu > ΦAg > ΦAl

might suggest a direct classification. However, as already stated above, the

relevant substrate is the metal surface passivated by the 1st ML of PTCDA or,

alternatively, by (partial) oxidation in the case of Al.

The workfunction of pristine Au(111) is decreased from ΦAu(111) = 5.15 eV

to 4.95 eV upon deposition of 0.1 nm of PTCDA and further to 4.70 eV up to

∗EICT+ (EICT−) is defined as the amount of energy necessary to eject (add) one elec-
tron from (to) the molecule forming an electronically and geometrically fully relaxed state
including substrate screening.
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a film thickness of 4.8 nm [161]. This suggests that the workfunction is indeed

lowered upon adsorption of the 2nd ML of PTCDA here, and consequently, this

interface can be assigned to case a) of the ICT model. This complies with our

observation of molecular cations in the 2nd ML of PTCDA on Au(111) and

Au(100), see Section 4.2.

The workfunction of pristine Ag(111) is decreased from ΦAg(111) = 4.90 eV

to 4.80 eV upon deposition of 0.1 nm of PTCDA. For further increasing film

thickness it is explicitly stated that this value remains constant [161] suggesting

that case b) of the ICT model applies here. Consequently, no charge transfer

to the 2nd ML of PTCDA is expected at all, as also deduced from the respective

optical spectra, see Section 4.3.

For the Al(111) or pc Al substrates we observe PTCDA anions in the 1st ML

of PTCDA which may indicate passivation by a thin oxide layer. Partial or

complete oxidation of these highly reactive surfaces is indeed likely for the

experimental constraints discussed earlier. Therefore, we assume that the ICT

model is also applicable and conclude from our optical results that case c) is

appropriate here, see Section 4.4. Unfortunately, there are no photoelectron

spectroscopy measurements available that could verify this hypothesis.

Admittedly, our reasoning why we observe charged PTCDA, especially in

the optical spectra of the 2nd ML on Au(111), is still a matter of debate.

The following statement can be drawn from a recent density functional the-

ory (DFT) study favoring the HOMO/LUMO alignment picture: “The fact

that the occupied levels of PTCDA lie substantially below EF indicates that

the charge transfer from the molecular region to the surface is due to the

pillow effect, and is not an electron donation from the highest occupied molec-

ular orbital (HOMO) to the metal.” [163]. Note that a thorough theoretical

analysis of large aromatic molecules adsorbed on metal surfaces is still rather

demanding, and can lead in part to contradictory conclusions [163, 179]. While

DFT can achieve consistency with the experimental determination of the work-

function modification and the HOMO/LUMO alignment with respect to the

substrate Fermi energy, a reliable prediction of the optical absorption behavior

of such systems is currently not feasible. Calculations of stacked PTCDA, i.e.,

2 ML or more on a metal surface, are not available at present.

4.7 Conclusions

In conclusion, we have demonstrated that thin PTCDA films on various met-

als behave somewhat counterintuitively: The first monolayer couples to the

respective substrates in such a manner that the second layer is electronically

decoupled to a large extent, as substantiated by the vibrationally resolved

monomer-like spectra there. Dimerization between the first two adjacent

monolayers does not occur and only sets in after completion of the second
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layer. This pronounced decoupling from the substrate is evidently present on

insulating surfaces [32, 37]. On metal substrates, however, it had only been

achieved so far by inserting an organic spacer layer with an entirely different

electronic structure than the molecular compound grown on top (QT on HBC

on Au(111), compare Section 3.4, or PTCDA on HBC on Au(111), compare

Section 4.5). We conclude that the energy levels of the first PTCDA ML on

Au must also differ considerably from the levels of decoupled PTCDA in the

subsequent layers, thereby inhibiting noticeable coupling.

Yet, the most important result is the occurrence of new peaks in the ε′′

spectra of the second PTCDA ML at lower photon energies of E . 2.2 eV. By

comparison to literature optical absorption data of similar molecular species

[30, 31], we attribute the feature at 2.05 eV on Au(111) to PTCDA radical

cations (PTCDA•+). On Ag(111) no clear feature was detected at low E,

indicating a mostly neutral second ML of PTCDA there. Al(111) and poly-

crystalline Al with different degrees of oxidation revealed a new feature at

≈ 1.85 eV which we assign to PTCDA radical anions (PTCDA•−). This fea-

ture is already present in the first ML on the Al surfaces, which might be due

to a thin aluminum oxide film that plays a similar role as the passivating first

PTCDA MLs on Au(111) and Ag(111), respectively.

Two dissimilar approaches were discussed in order to explain our find-

ings. The HOMO/LUMO alignment picture [161] which implicates the charge

transfer to be caused solely by the formation of covalent bonds turned out

to be conflicting with our results, in particular concerning the positive charg-

ing of the second PTCDA ML on Au(111) suggested here. The integer charge

transfer (ICT) model based on electron tunneling [26] can at least qualitatively

describe the different charge transfers proposed by us for the various substrates

used. While the first approach is dominant in the literature associated with

PTCDA, the applicability of the second approach as discussed here is still a

matter of debate. Unfortunately, photoelectron spectroscopy measurements of

PTCDA on Al, which could readily clarify our hypothesis, are not available up

to now, which is presumably due to the inferior controllability of the quality

of such highly reactive surfaces.





5 General Conclusions and

Future Perspectives

It was one essential objective of this thesis to convince the reader that

differential reflectance spectroscopy (DRS) is indeed a valuable tool for the

investigation of electronic coupling effects between molecular epitaxial layers

and a variety of substrates. The surface-sensitive character of this technique

is very beneficial for its capability to monitor the film growth in real-time,

thereby closely following the interface formation, which grants access to the

associated physical effects beginning at the layer of contact. The use of ex-

tended polycyclic aromatic hydrocarbons is particularly advantageous since

the molecules’ centers of gravity are often largely separated, even in a densely

packed layer. This leads to a small and negligible in-plane excitonic inter-

action. On the other hand, we can directly probe those interactions, if the

molecules are arranged in π–π-stacks, by employing the ensemble effect. By

that, we can directly observe the monomer–dimer–oligomer transition in the

absorption behavior of van der Waals bound, vertical molecular “chains”.

In contrast to previous studies using insulating substrates [32, 37], we have

seen that similar flat-lying aromatic molecules used here exhibit a rather strong

electronic coupling to metal surfaces, whereas this coupling is less pronounced

on semimetallic graphite. A pre-deposited atomically thin spacer layer consist-

ing of a different aromatic compound can readily lead to an efficient electronic

decoupling from the subjacent metal, as manifested by the vibrationally re-

solved monomeric spectra of the molecular layer grown on top. Moreover,

we have demonstrated charge transfer effects in some cases by the occurrence

of additional features in the optical spectra, surprisingly not limited to the

first molecular layer. Furthermore, DRS is especially powerful in combination

with structural analysis methods, since the molecular orientation has a large

impact on the physical properties. To a certain extent it is even possible to

deduce some structural information from the optical spectra making use of the

anisotropic film structures produced.

There are a few limitations to the applicability of DRS. First, one would

preferentially employ molecular adsorbates whose crystal structures are accom-

panied by a rather strong excitonic coupling. This enhances the observability
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of aggregation effects when passing from a single monolayer (with monomeric

spectral character) to stacked multilayers (with non-negligible excitonic inter-

actions, as in the case of PTCDA films, for example) and hence facilitates the

interpretation of the film thickness-dependent DRS. Second, one has to arrange

for suitable molecule–substrate combinations which can have a strong impact

on the absolute intensity of the DRS due to the inherent optical functions

of the respective substrates. In some cases (e.g., HBC on Au) the molecu-

lar absorption band under consideration coincides with a rather inconvenient

optical behavior of the substrate which can conceal the adsorbate contribu-

tion to the DRS. Third, the DRS on opaque substrates can only be indirectly

interpreted as absorption behavior of the molecular film using a model-free

numerical algorithm based on the Kramers-Kronig relations implying some

additional requirements [78].

In this comparative study, we have also demonstrated that, similar to in-

organic heteroepitaxy, the physical properties of an organic heterosystem are

not just the sum of the properties of the two single materials, which opens up

chances to tune organic layer properties to demand. In the future, heteroepi-

taxial architectures may provide the opportunity to modify the electronic prop-

erties of certain substrates. Even sub-nanometer thin monolayers are capable

of decreasing or increasing the substrate workfunction Φ. An adequate choice

of the molecular contact layer composition can hence allow for an adjustment

of the electronic level alignment at the interface with subsequent organic lay-

ers. Such an iterative workfunction modulation is of particular interest for the

injection of charges at metal–organic contacts, which is crucial for the perfor-

mance of a device. Moreover, it appears beneficial to investigate the intentional

doping of molecular layers in the proximity of metal contacts with our optical

DRS technique. Doping with alkali metals has already been monitored with

DRS on insulating surfaces [181]. Pursuing this matter can be worthwhile for

stacked heteroepitaxial structures, as a single specific layer can be doped and

perhaps sandwiched between undoped layers. This issue is also stimulating

from the point of view of possible charge transfer between adjacent molecular

layers and/or to the respective substrate, especially if an efficient electronic

decoupling from a metal surface is found for the undoped case. On the other

hand, localized traps in the form of charged molecules may serve as a blocking

layer for one charge carrier type (hole or electron) under certain conditions.

Finally, multiple organic quantum wells on the molecular scale are expected to

move into focus, in analogy to their inorganic counterparts. First prototypes

comprising alternately deposited layers, for instance quaterrylene andN ,N ’-di-

octyl-3,4,9,10-perylenedicarboximide [185], have already been realized. Given

the importance of inorganic heterostructures for up-to-date optoelectronic de-

vices, we anticipate that epitaxial organic heterostructures, especially organic

quantum wells, will lead to new classes of organic-based applications.



Appendix

Comparison of Analysis Methods. A closeup view of the DRS∗ of d∗ =

1 ML of PTCDA on Au(111) as plotted in Figure 4.4 is given in Figure A.1a

on an inverted scale for convenience. Additionally, the substrate coefficients

A and B for gold, as shown in Figure 2.9, are depicted. They are derived

from the substrate bulk dielectric function ε̂ = ε′ − iε′′. It was shown in

Section 2.3 that the DRS can be approximated by DRS ≈ − (8πd/λ)×A×ε′′film

provided that the condition |A| � |B| is fulfilled. This so-called McIntyre

approximation is also valid for DRS∗ and d∗ with similar accuracy. It can

be seen in Figure A.1a that |A| � |B| holds indeed for gold at low photon

energies E . 2.2 eV. Then, two completely independent analysis methods

can be used to extract the imaginary part ε′′film of the adsorbate dielectric

function: (i) the McIntyre approximation given in Section 2.3, and (ii) the

model-free numerical algorithm based on the Kramers-Kronig transformation.
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Figure A.1: Comparison between the analytical McIntyre approximation and the

numerical fit-nk algorithm based on exact formulas. a) Measured DRS∗ of d∗ = 1ML
(0.32 nm) of PTCDA on Au(111), cf. Figure 4.4. The vertical scale is inverted (i.e.,

−DRS∗) for convenience. For comparison, the A- and B-coefficients of gold (compare

Figure 2.9) are plotted on a different scale, demonstrating that |B| � |A| for energies

below ≈ 2.2 eV. b) Imaginary part ε′′ of the dielectric function of the PTCDA film

derived from the measured DRS∗ shown in (a) by two independent methods: (i) via

the McIntyre approximation (Equation (2.54) ⇒ ε′′ ≈ −DRS∗/ [A · 8πd∗/λ], no noise

filtering), and (ii) using the fit-nk algorithm (smoothed).
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It is evident in Figure A.1b that both methods yield comparable results, and

especially the position and the shape of the peaks are indeed very similar.

Admittedly, the overall height of these two spectra is not identical, which is

particularly apparent for high photon energies, where the condition |A| � |B|
is invalid for gold, and hence the McIntyre approximation can not be applied.

Still, it is very clear from Figure A.1b that a peak at 2.05 eV (see above) is

observed for both analysis techniques, and no artificial features are introduced

by the numerical method chosen for the evaluation of our data. Note that for

the McIntyre approximation and the fit-nk algorithm an identical PTCDA

film thickness of d∗ = 0.32 nm, corresponding to monolayer coverage, was

used as parameter. For this reason, the uncertainty in d∗ does not affect the

comparison made in Figure A.1b. In order to corroborate this statement we

simultaneously varied d∗ for both methods from 0.256 nm to 0.384 nm using

the very same DRS∗ spectrum of d∗ = 1 ML of PTCDA on Au(111) as plotted

in Figure A.1a. We find that there is almost no variation in the shape and the

position of the spectra, except for different respective magnitudes, of course.

Hence the difference between the McIntyre approximation and the fit-nk

algorithm in Figure A.1b must have a different origin, possibly associated

with the validity of Equation (2.54). In fact, rewriting Equation (2.51) yields:

−DRS · λ
8πd · A︸ ︷︷ ︸

“McIntyre approximation”

≈ ε′′2 +
B

A
· (ε′2 − 1)︸ ︷︷ ︸

≈ 0 for |A|�|B|

. (A.1)

The notation in terms of DRS and d is in good approximation also valid for

DRS∗ and d∗. In Figure A.1b we actually compare −DRS∗ · λ/ (8πd∗ · A)

and ε′′2, the latter being extracted using the fit-nk algorithm. The residual

between both should thus be equal to B/A · (ε′2 − 1). This is indeed confirmed

in Figure A.1b where both quantities are plotted for comparison, using ε′2 for

B/A · (ε′2 − 1) from the fit-nk algorithm. Hence, the difference between the

McIntyre approximation and the fit-nk algorithm stems from neglecting the

additional term associated with the ratio of the substrate coefficients B/A,

which itself is in general energy-dependent. Consequently, the residual term

can be much smaller for certain spectral ranges (e.g., at low energies for gold),

as also evident in Figure 2.10 on page 33. We have therefore demonstrated

that both analysis techniques yield almost identical results. As the numerical

extraction of the dielectric function allows for a simultaneous determination

of ε′2 and ε′′2, and as it is further not limited by the assumptions made for the

derivation of the McIntyre approximation, it is considered superior.

PTCDA on Au(100). As already mentioned in Section 4.2, we would like

to briefly present the results obtained for PTCDA on Au(100) here in order

to demonstrate that they are indeed very similar to those on Au(111). For

the sake of completeness, the DRS as a function of PTCDA film thickness on



111

Wavelength (nm)

800 700 600 500 400

1.5 2.0 2.5 3.0

-0.10

-0.05

0.00

Energy (eV)

D
R

S
thickness d

1 ML

2 ML

3 ML

4 ML

5 ML

6 ML

Figure A.2: Drift-corrected differential reflectance spectra (DRS, Equation (2.12))

of PTCDA deposited on Au(100). The total nominal film thicknesses d are given.
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Figure A.3: Drift-corrected differential reflectance spectra (DRS∗, Equation (4.1))

of PTCDA deposited on Au(100). The reduced nominal film thicknesses d∗ = d−1 ML
are given, in contrast to Figure A.2. We thereby assume a hypothetical three-phase

system (metal / 1st ML PTCDA / (n− 1) MLs PTCDA).

Au(100) is shown in Figure A.2, while the corresponding DRS∗ is depicted in

Figure A.3. In the very same manner as in Section 4.2 we extract the complex

dielectric function of these films using the fit-nk algorithm. The results are

depicted in Figure A.4. In comparison with Figure 4.5 on page 85 a very
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Figure A.4: a) Real part ε′, and b) imaginary part ε′′ of the dielectric function

ε̂ = ε′ − iε′′ of PTCDA deposited on Au(100). For thicknesses up to d = 1 ML (lower

panels) ε̂ was extracted from the original DRS shown in Figure A.2. For thicknesses of

d > 1 ML (i.e., d∗ > 0 ML, upper panels) ε̂ was extracted from the reduced DRS, i.e.,

DRS∗, shown in Figure A.3, see text for explanations. For clarity, only selected spectra

are presented. Arrows indicate the spectral development with increasing film thickness.

The independently determined ε̂ spectrum of a comparatively thick polycrystalline (pc)

PTCDA film on glass is shown in comparison (adapted from Ref. [65]).

good spectral agreement is evident. Therefore, all of the key statements about

the optical spectra and their film thickness-dependent development made for

PTCDA on Au(111) are equally valid on Au(100) as substrate, except for some

very slight deviations within the experimental accuracy on the energy scale.
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dounan, F. Reinert, T.-L. Lee, F. S. Tautz, M. Sokolowski, and E. Um-

bach: Role of Intermolecular Interactions on the Electronic and Geo-

metric Structure of a Large π-Conjugated Molecule Adsorbed on a Metal

Surface. Phys. Rev. Lett. 100, 136103 (2008).
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Crystallization of Large Planar Polycyclic Aromatic Hydrocarbons: The

Molecular and Crystal Structures of Hexabenzo[ bc,ef,hi,kl,no,qr]coro-

nene and Benzo[1,2,3-bc:4,5,6-b’c’]dicoronene. J. Am. Chem. Soc. 117,

30–41 (1995).



117

[46] K. A. Kerr, J. P. Ashmore, and J. C. Speakman: The crystal and molec-

ular structure of quaterrylene: a redetermination. Proc. R. Soc. Lond. A

344, 199–215 (1975).

[47] M. E. Cass, H. S. Rzepa, D. R. Rzepa, and C. K. Williams: The Use of

the Free, Open-Source Program Jmol To Generate an Interactive Web

Site To Teach Molecular Symmetry. J. Chem. Educ. 82, 1736–1740

(2005).

[48] M. Schwoerer and H. C. Wolf: Organic Molecular Solids. Wiley, Wein-

heim (2007).

[49] M. Pope and C. E. Swenberg: Electronic Processes in Organic Crystals.

Oxford University Press, New York (1982).

[50] M. Wewer and F. Stienkemeier: Laser-induced fluorescence spectroscopy

of 3,4,9,10-perylenetetracarboxylic-dianhydrid in helium nanodroplets.

J. Chem. Phys. 120, 1239–1244 (2004).

[51] M. Schneider: Vibronische und optische Eigenschaften ultradünner or-

ganischer Filme am Beispiel PTCDA/Ag(111). Dissertation, Bayerische

Julius-Maximilians-Universität Würzburg (2002).

[52] M. Hoffmann: Frenkel and Charge-Transfer Excitons in Quasi-One-

Dimensional Molecular Crystals with Strong Intermolecular Orbital

Overlap. Dissertation, Technische Universität Dresden (2000).
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Zeitschr. f. physik. Chemie (Leipzig) 119, 277–301 (1926).

[126] I. N. Stranski and L. Krastanow: Zur Theorie der orientierten Ausschei-

dung von Ionenkristallen aufeinander. Monatsh. f. Chemie 71, 351–364

(1938).

[127] F.-J. Meyer zu Heringdorf, M. C. Reuter, and R. M. Tromp: Growth

dynamics of pentacene thin films. Nature 412, 517–520 (2001).

[128] T. Fritz: Molecular Architecture in Heteroepitaxially Grown Organic

Thin Films. Habilitation thesis, Technische Universität Dresden (1999).

[129] H. J. Lempka, S. Obenland, and W. Schmidt: The Molecular Structure

of Boente’s “Dicoronylene”, as Deduced from PE and UV Spectroscopy.

Chem. Phys. 96, 349–360 (1985).

[130] W. Hendel, Z. H. Khan, and W. Schmidt: Hexa-peri-benzocoronene, A

Candidate for the Origin of the Diffuse Interstellar Visible Absorption

Bands? Tetrahedron 42, 1127–1134 (1986).

[131] E. Clar and W. Schmidt: Correlations between Photoelectron and Ul-

traviolet Absorption Spectra of Polycyclic Hydrocarbons. The Perylene,

Coronene and Bisanthene Series. Tetrahedron 33, 2093–2097 (1977).

[132] E. Clar and W. Schmidt: Correlations between Photoelectron and Ultra-

violet Absorption Spectra of Polycyclic Hydrocarbons. The Terrylene and

Peropyrene Series. Tetrahedron 34, 3219–3224 (1978).

[133] R. Forker, D. Kasemann, T. Dienel, C. Wagner, R. Franke, K. Müllen,
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T1 R. Forker, T. Dienel, K. Müllen, and T. Fritz: Optical Evidence for Sub-

strate Induced Growth of Ultra-thin Hexa-peri-hexabenzocoronene Layers

on HOPG. DPG Frühjahrstagung, 26–31 March 2006 in Dresden, Ger-

many.
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auf deren Unterstützung ich während des Entstehens dieser Dissertation habe

bauen können. Ich danke im Besonderen:

◦ Prof. Dr. Karl Leo für die Betreuung meiner Arbeit. Seine Leitung

ermöglichte stets eine ausgezeichnete Infrastruktur und eine freundliche
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