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Abstract

This study focuses on the determination of the structure-property relations of epi-

taxially grown organic thin �lms. In the �rst part, the impact of an ultrathin

3,4,9,10-perylene-tetracarboxylic-dianhydride (PTCDA) interlayer on the structural

and optical properties of tin(II)-phthalocyanine (SnPc) �lms on Ag(111) is investi-

gated. It is shown that the PTCDA layer serves as a template enabling for the highly

ordered growth of SnPc up to the multilayer regime. The function of the PTCDA

layer in this context is revealed by means of a comprehensive characterization of the

SnPc structures formed, which are related to the respective �lm-thickness-dependent

features in the optical absorption. In the second part of this study, potassium-doped

monolayer domains on Ag(111) are structurally, electronically, and optically char-

acterized. It is revealed that potassium strongly interacts with PTCDA resulting in

a reordering of the commensurate PTCDA herringbone structure into other highly

ordered phases comprising K2PTCDA and K4PTCDA charge transfer complexes.

The drastic changes in the structures are accompanied by new features in the elec-

tronic and optical spectra indicating that PTCDA is doubly negatively charged in

both complex geometries and the metal-organic hybridization becomes weaker with

increasing potassium concentration.



Kurzfassung

Diese Arbeit beschäftigt sich mit der Bestimmung von Struktur-Eigenschafts-Be-

ziehungen von epitaktisch gewachsenen organischen Dünnschichten. Im ersten Teil

der Arbeit wird der Ein�uss einer ultradünnen 3,4,9,10-Perylentetracarbonsäure-

dianhydrid (PTCDA) Zwischenschicht auf die strukturellen und optischen Eigen-

schaften von Zinn(II)-Phthalocyanin (SnPc) Schichten auf Ag(111) untersucht. Es

wird gezeigt, dass die PTCDA Schicht als Template dient und so das hochgeord-

nete Wachstum von SnPc bis in den Multilagenbereich ermöglicht. Die Funktion

der PTCDA Lage in diesem Zusammenhang wird mit Hilfe einer umfassenden Ana-

lyse der gebildeten SnPc Strukturen geklärt, welche in Beziehung zu den schicht-

dickenabhängigen Features in der jeweiligen optischen Absorption gebracht wer-

den. Im zweiten Teil dieser Arbeit werden kaliumdotierte Monolagendomänen von

PTCDA auf Ag(111) strukturell, elektronisch und optisch charakterisiert. Es zeigt

sich, dass Kalium stark mit PTCDA wechselwirkt, da eine Umordnung der kom-

mensurablen PTCDA Fischgrätenstruktur in andere hochgeordnete Phasen erfolgt,

welche K2PTCDA und K4PTCDA Ladungstransfer-Komplexe beinhalten. Die dra-

stischen Änderungen der Strukturen gehen mit einer Änderung der elektronischen

und optischen Spektren einher, welche darauf hindeuten, dass PTCDA in beiden

Komplexgeometrien doppelt negativ geladen vorliegt und die metallorganische Hy-

bridisierung mit steigender Kaliumkonzentration schwächer wird.



Contents

Contents 1

1 Motivation 3

2 Organic Molecules 7

2.1 Orbitals and Bonds . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 Used Molecular Substances . . . . . . . . . . . . . . . . . . . . . . . . 8

3 Methods and Devices 11

3.1 Organic Molecular Beam Epitaxy . . . . . . . . . . . . . . . . . . . . 11

3.2 Optical and Electronic Characterization . . . . . . . . . . . . . . . . 12

3.2.1 Di�erential Re�ectance Spectroscopy (DRS) . . . . . . . . . . 12

3.2.2 UV-Vis Absorption Spectroscopy . . . . . . . . . . . . . . . . 19

3.2.3 Photoelectron Spectroscopy (PES) . . . . . . . . . . . . . . . 20

3.3 Structural Characterization . . . . . . . . . . . . . . . . . . . . . . . 23

3.3.1 Low-Energy Electron Di�raction (LEED) . . . . . . . . . . . . 23

3.3.2 Scanning Tunneling [Hydrogen] Microscopy (ST[H]M) . . . . . 24

3.3.3 Normal Incidence X-Ray Standing Wave (NIXSW) . . . . . . 26

4 SnPc Films on a PTCDA Monolayer Template 29

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.2 Structural Characterization . . . . . . . . . . . . . . . . . . . . . . . 30

4.2.1 SnPc Submonolayers and Monolayers . . . . . . . . . . . . . . 30

4.2.2 SnPc Bilayers and Multilayers . . . . . . . . . . . . . . . . . . 40

4.3 Optical Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.3.1 SnPc Monolayer . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.3.2 SnPc Bilayer . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

1



Contents

4.3.3 Stacked Bilayers . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.4 Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . 52

5 Potassium Doping of PTCDA Monolayer Domains on Ag(111) 55

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.2 Optical Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5.3 Electronic Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.3.1 Valence Band Spectra and Work Functions . . . . . . . . . . . 61

5.3.2 Core Level Spectra . . . . . . . . . . . . . . . . . . . . . . . . 63

5.4 Structural Characterization . . . . . . . . . . . . . . . . . . . . . . . 69

5.4.1 Lateral Structures . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.4.2 Adsorption Heights . . . . . . . . . . . . . . . . . . . . . . . . 74

5.5 Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . 82

6 General Conclusions and Future Perspectives 85

Appendix 89

References 97

List of Figures 118

List of Tables 120

Publications 123

Danksagung 129

Erklärung 131

2



1 Motivation

Organic thin �lms have attracted particular interest in recent years owing to their

bene�cial electronic and optical properties which are partially complementary to

silicon-based electronics. This technology takes advantage of the great �exibility

and manifold of organic molecules provided by the chemical toolbox for synthesis.

[1] In order to access a broad understanding of these new capabilities, systematical

studies are indispensable. The main focus in common research lies on one of the most

promising classes of molecules for application-relevant �lms, namely those featuring

extended π-conjugated electron systems. [2] Thin �lms consisting of these molecules

have been intensively studied and even �rst applications like �eld e�ect transistors

(OFET), light-emitting diodes (OLED), and photovoltaic devices (OPVD) bene�t

from this technology. [3�5]

Organic components in devices often consist of several stacked thin layers (i.e.,

planar heterojunctions) each providing a speci�c functionality (e.g., exciton gener-

ation, charge carrier injection, transport, or blocking). [4, 6] Di�erent requirements

for functional operation, which even might compete with each other, need to be

considered. [2] For example, in a photovoltaic device, on the one hand, more light is

absorbed and thus more excitons are created the thicker the respective �lms are, on

the other hand, exciton di�usion lengths are small and hence exciton separation is

rather ine�cient, while often also charge carrier conductivities are limited, making

thinner �lms desirable. [7]

One of the most important parameters describing the electronic properties of �lms

is the charge carrier conductivity σ = |q|nµ, where q is the charge, n is the density,

and µ is the mobility of the charge carriers (electrons or holes). The issue of the

small charge carrier conductivity can be tackled by optimizing the two parameters

n and µ, which can be indeed tuned to a large extent. For instance, it is known that

the mobility µ can be increased by orders of magnitude by minimizing traps and/or

defects. [8, 9] Designing the respective layers as highly ordered �lms thus signi�cantly
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enhances charge carrier mobilities in organic layers. Such �lms are expected to play

an important role in future applications like organic lasers and logical devices. [10, 11]

However, challenging preparation conditions still hamper a broad application of such

�lms so far. The charge carrier density n can be adjusted by controlling the energy

level alignment, e.g., by doping. [12�15] Doping means the controlled incorporation

of electron acceptors or donors which can be either molecular or atomic species. The

doping ratio in organic �lms is typically in the order of approx. 10−3 to one and thus

fundamentally di�erent from the inorganic counterpart where extremely low dopant

concentrations are applied. [13] Thus, doping of organic material can have a strong

in�uence on the structures formed. Consequently, the charge carrier density and

mobility cannot be optimized independently, sometimes they even counteract each

other. Understanding and controlling molecular rearrangement e�ects in organic

�lms upon doping is thus indispensable for improvements of such layers.

Of special interest for the design of organic electronic devices are interfaces, nat-

urally occurring when a layer is contacted or several layers are stacked. This applies

to metal-organic but also to organic-organic interfaces. Interfaces can be responsi-

ble for e�ects not expected from the intrinsic properties of the layers, e.g., due to

charge transfers across the interfaces, dipole formation, molecular exchange, and so

forth. [16] The region where interface e�ects occur, often extends by a few mono-

layers only. It is thus crucial to design this region, even on the molecular scale,

in order to meet the requirements for functional interaction of all layers within a

device. A profound understanding of the physics behind interface formation is thus

highly motivated. Devices are, however, usually far too complex for such investiga-

tions. Any kind of structural imperfections will immediately obscure the interface

e�ects of interest. It is therefore necessary to study model systems with well-de�ned

interfaces and layers consisting of pure constituents. Such model systems can be

fabricated by organic molecular beam epitaxy (OMBE). [17�26]

This thesis aims to provide insight into the physics of interface formation by

means of model systems. The used molecular substances are brie�y introduced in

Chp. 2. Basic information about the employed methods and experimental setups

are given in Chp. 3. In Chp. 4, particular attention is paid on the formation of

an organic-organic heterointerface and the in�uence this can have on the structures

formed in the top layer. It is demonstrated that such an interface can be used for

achieving highly ordered growth of organic material up to multilayers. In Chp. 5,
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Motivation 1

the interface between a metal and a potassium-doped organic �lm is investigated. It

will be shown that depending on the doping ratio, di�erent charge-transfer complex

geometries are formed. The electronic interplay between molecules, dopants, and

the metal surface shall be of particular interest. Finally, general conclusions drawn

from the results in this work and an outlook are given in Chp. 6.

5





2 Organic Molecules

2.1 Orbitals and Bonds

Organic molecules are chemical compounds of carbon (6C, electron con�guration

[He] 2 s2 2 p2) often containing hydrogen, halogens, oxygen, nitrogen and also metal

atoms. The variety of possible compounds is due to the distinct tendency of car-

bon to form hybrid orbitals. Such orbitals can be energetically favored upon bond

formation, e.g., if two 2 p orbitals hybridize with one 2 s orbital, three energetically

degenerate 2 sp2 orbitals are formed and one pz orbital remains. When two or more

of such 2 sp2 orbitals overlap, directed bonds (σ) are created, and the corresponding

states energetically split in bonding (σ) and anti-bonding (σ∗) states. The remain-

ing pz orbitals form delocalized bonds (π), whose states again split in bonding (π)

and anti-bonding (π∗) states (cf. Fig. 2.1). In the molecular ground state, the or-

bitals are successively �lled (occupied) with electrons (at maximum two electrons

with opposite spin in each orbital) beginning at the energetically lowest lying orbital

according to Hund's rules. The energetic separation between the highest occupied
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Figure 2.1: (a) Scheme of molecular orbitals of ethene and (b) the corresponding energy
diagram. The sp2 hybrid orbitals of carbon form directed σ bonds whereas the former pz
orbitals (violet) form delocalized π bonds. Adapted from Refs. [27, 28]
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2.2 Used Molecular Substances

molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)

is denoted as energy gap (Eg). For lower and higher lying orbitals the notations

HOMO-1, HOMO-2, ... and LUMO+1, LUMO+2, ... are commonly used. Planar

aromatic molecules often feature large frameworks of conjugated bonds, i.e., reso-

nance structures of alternating single and multiple bonds, which can be described

by the hybrid orbitals introduced here. The stronger the degree of delocalization of

the π-electron system, the more the electronic gap shrinks, which can even make the

visible (Vis) and near-infrared spectral region (NIR) available for light absorption

(and emission). Such molecules are thus denoted as dyes.

2.2 Used Molecular Substances

The organic dye molecules 3,4,9,10-perylene-tetracarboxylic-dianhydride (PTCDA)

and tin(II)-phthalocyanine are employed in this work. Their skeletal formulas are

shown in Tab. 2.1. These molecules have been chosen primarily because of their

prototypical character in many respects. Especially in the �eld of organic molecular

beam epitaxy, comprehensive literature data is available. [29�31] The molecules

are known to form highly ordered monolayers on various substrates in a �at-lying

adsorption geometry. The layers are naturally di�erent in their structures depending

on the speci�c adsorbate-substrate combination and preparation conditions. For the

studies in Chp. 4, the ability of these molecules to form epitaxial organic-organic

heterostructures is of particular importance. [32�36]

Table 2.1: Molecular substances used in this work.

acronym full name skeletal formula

PTCDA 3,4,9,10-perylene-tetracarboxylic-dianhydride O

O

O

O

O

O

SnPc tin(II)-phthalocyanine
N

N
N

N

N

N

N

NSn
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Organic Molecules 2

PTCDA was purchased from Sigma-Aldrich, SnPc was provided by Dr. A. Schöll

and Dr. C. Sauer. The molecules were puri�ed by several cycles of temperature-

gradient vacuum sublimation. After introducing the molecules to the ultrahigh-

vacuum chambers, they were thoroughly degassed prior usage.
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3 Methods and Devices

3.1 Organic Molecular Beam Epitaxy

Organic Molecular Beam Epitaxy (OMBE) is a technique to grow epitaxial layers of

very high chemical purity and structural precision. Organic molecules are evaporated

under ultrahigh-vacuum conditions on a substrate with the ability of in situ growth

monitoring and control. Epitaxy thereby refers to the growth of crystalline layers

that have a well-de�ned and reproducible orientation with respect to the underlying

substrate. The epitaxy matrix C mathematically relates the real-space adsorbate

and substrate lattices with the lattice vectors a1,a2 and s1,s2, respectively:(
a1

a2

)
= C ·

(
s1

s2

)
=

(
c11 c12

c21 c22

)
·

(
s1

s2

)
. (3.1)

The adsorbate layer can be of the same or di�erent chemical composition, hereafter

denoted as homo- and heteroepitaxy, respectively.

Epitaxial growth is driven by the minimization of total energy by self-organ-

ization. Beside the energy gained by the mere adsorption, an additional energy gain

can be attributed to epitaxial alignment. Both together are denoted as adsorption

energy, which depends generally on molecule-molecule as well as molecule-substrate

interaction. From this it can be already inferred that the speci�c orientation of the

adsorbate may be the result of a delicate balance of parameters having an e�ect on

the overall energy gain, e.g., substrate lattice constants, symmetry, and so forth. [25]

In the framework of rigid lattices, the origin of the energy gain upon a speci�c

registry is well-understood in terms of adsorbate and substrate reciprocal lattice

point coincidences. [25] Based on such coincidences, the following epitaxial hierarchy

is applied [21, 23, 37]:
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3.2 Optical and Electronic Characterization

• Commensurism - all adsorbate lattice points lie on substrate lattice points.

The epitaxy matrix consists of integer values only.

• Coincidence I or point-on-line (POL) coincidence - all adsorbate lattice points

lie on one primitive family of lattice lines of the substrate.

• Coincidence II or commensurate super cell - a commensurate super cell can

be constructed. The epitaxy matrix contains rational values only.

• Line-on-line coincidence - all adsorbate lattice points lie on non-primitive lat-

tice lines of the substrate.

• Incommensurism - The overlayer is incommensurate if none of the above epi-

taxy modes is present.

For all structures investigated in this work, the epitaxy modes listed describe

the experiments su�ciently well. However, adsorbate-substrate combinations exist

where the approach of rigid lattice epitaxy fails. In certain cases, the adsorbate

atoms or molecules are slightly displaced from an ideal lattice, which need to be

accounted for by other concepts, e.g., static distortion waves. [38]

The epitaxial �lms investigated in this work were grown on single crystals, e.g.,

Ag(111), prepared by repeated Ar+-sputtering and annealing cycles according to

Ref. [39]. Each substrate preparation was checked by means of low-energy electron

di�raction (LEED) prior to �lm deposition. The molecules were deposited under

ultra-high vacuum conditions (base pressure 10−10 mbar) from e�usion cells with

temperature stabilized (±1K) crucibles. The deposition rates were approx. 0.1ML

per minute.

3.2 Optical and Electronic Characterization

3.2.1 Di�erential Re�ectance Spectroscopy (DRS)

Di�erential Re�ectance Spectroscopy (DRS) is a variant of optical absorption spec-

troscopy. This technique was originally utilized for in situ studies of surface reactions

occurring upon adsorption of diverse atoms and small molecules on metal and semi-

conductor surfaces. [40�45] In recent years, this method has been also successfully

12
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CCD
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  UV-VIS
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Figure 3.1: Realization of our DRS setup, schematically. Detailed information of the
components can be found in Refs. [46, 47]. Modi�ed from Ref. [46]

.

employed for the adsorption of large organic molecules and polymers. The variety

of possible applications of DRS has been extensively reviewed previously. [46, 47]

The realization of our DRS setup is schematically shown in Fig. 3.1.

DRS probes optical properties of (ultra)thin �lms. The measured optical tran-

sitions are directly related to the electronic structure of the molecules, however,

the transition energies thereby di�er noticeably from the energetic separation of the

electronic levels (cf. Fig. 2.1 (b)). Attractive Coulomb interaction between excited

electrons and the corresponding holes result in (neutral) quasi-particles, often de-

noted as excitons. The optical gap, i.e., the HOMO-LUMO fundamental transition

is thus Eopt = hν = Eg − EB, where EB is the binding energy of the excitons. Due

to weak dielectric screening in organic materials, EB can be relatively high (∼ 1 eV

[48]) compared to inorganic material.

A variety of e�ects are known to in�uence the optical transition energies of the

molecules. For instance, excitonic coupling may signi�cantly alter the optical �n-

gerprint upon molecular (physical) aggregation. Also intra-molecular vibrations and

rotations can be excited giving rise to a �ne structure in optical spectra. These e�ects

are known to depend sensitively on the speci�c molecular arrangement. Di�erent

phases and polymorphs of organic material can thus be easily distinguished. [49]

In the limit of ultrathin �lms, interface e�ects may manifest in the optical spectra,

13



3.2 Optical and Electronic Characterization

e.g., (integer) charge transfer and interface hybridization, both yield distinct fea-

tures, which would not occur in the absence of these e�ects. [50] DRS can further

help to distinguish between the two extreme cases of bonding to surfaces, i.e., ph-

ysisorption and chemisorption, of large aromatic molecules and even intermediate

cases are detectable. [51, 52]

The di�erential re�ectance spectrum (DRS) relates the re�ectivity R(E, d) of a

substrate covered with a �lm of thickness d to the re�ectivity R(E, 0) of the pristine

substrate:

DRS(E, d) :=
R(E, d)−R(E, 0)

R(E, 0)
. (3.2)

All spectral quantities are considered as a function of photon energy E. De�ning a

quantity as in Eq. 3.2 has the advantage that no absolute re�ectivities need to be

measured, which can be rather challenging, if not impossible in certain cases. [41]

Re�ectivities R = |r̂|2 are related to the re�ection coe�cient r̂, which is given

as the ratio of electric-�eld amplitudes of the re�ected and incident waves. For a

single interface, the re�ection and transmission coe�cients are given by the Fresnel

formulas. Generally, they depend on the optical functions of the materials at the

interface, on the angle of incidence (Θ), and polarization (p and s) of the light.

For calculating the re�ection coe�cient of a real system, e.g., a �lm on top of a

substrate, it is necessary to sum up all re�ected parts of the incident wave. Multiple

internal re�ections possibly need to be considered, e.g., an incident wave is partially

re�ected at the �rst interface of a �lm; the transmitted part propagates through the

material, and is once more re�ected and transmitted at the backside interface and

so forth. The superposition of internally re�ected and transmitted waves may cause

interference e�ects.

DRS signals often cannot be intuitively interpreted in terms of the optical absorp-

tion behavior of the deposited �lm due to complicated dependencies in the optical

functions of the adsorbate and the substrate. In fact, the DRS can be positive,

negative, and even zero, depending on the speci�c combination of optical functions

and the spectral region considered. The dependencies of the DRS signal shall be

demonstrated by means of the calculated DRS signals for the same hypothetical

�lm on di�erent substrates (no adsorbate-substrate interaction considered) shown

in Fig. 3.2. Accordingly, all spectra appear di�erent, i.e., the peak height ratios

and the peak positions, and also the overall signal heights di�er by up to one order

14
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Figure 3.2: (a) Calculated DRS signals for the same hypothetical �lm on di�erent sub-
strates. The optical functions ε′(E) and ε′′(E) of the �lm are shown in (b). The DRS
signals were inverted (i.e., multiplied by −1) for the opaque substrates.

of magnitude. Consequently, the sensitivity of this method depends on the speci�c

adsorbate-substrate combination. For a quantitative analysis of the optical absorp-

tion behavior of a �lm, the corresponding optical functions need to be extracted,

e.g., the complex dielectric function ε̂ = ε′ − iε′′ with ε′ and ε′′ as the real the imag-
inary parts, respectively, and i refers to the imaginary unit. The complex dielectric

function is related to the complex refractive index n̂ = n − ik by ε̂ = n̂2 for non-

magnetic materials at optical frequencies. The analytic expression of the DRS is

typically rather complicated such that it is in general impossible to determine opti-

cal functions analytically. In the following, two approaches for the determination of

optical functions shall be brie�y reviewed.

The �rst approach rely on a simpli�cation of the analytical description of the DRS

as derived in Refs. [41, 54]. This has been done for the simple case of a three phase

system vacuum/thin �lm/substrate. The substrate is considered as semi-in�nite,

which means that its light absorption is su�ciently high such that re�ections at the

15



3.2 Optical and Electronic Characterization

(a) (b)A

B

600 400

Wavelength (nm)

800

1.6 2.0 2.4 2.8 3.2

Energy (eV)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

|B
| 
/ 

|A
|

600 400

Wavelength (nm)

800

1.6 2.0 2.4 2.8 3.2

Energy (eV)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

A
, 

B

Figure 3.3: (a) Spectral coe�cients A(E) and B(E) and (b) |B|/|A| for Ag based on
the n and k values from Ref. [53].

substrate backside can be neglected. In the limit of ultrathin �lms (�lm thickness

d is much smaller than the wavelength λ = hc/E, h is the Planck constant, c is the

speed of light in vacuum, and E is the photon energy) and under normal incidence

of light, the DRS can be approximated by:

DRS ≈ −8π
d

λ
[A · ε′′�lm +B · (ε′�lm − 1)] , (3.3)

with the two spectral coe�cients A(E) and B(E), which only depend on the sub-

strate optical functions:

A =
(1− ε′sub)

ε′′2sub + (1− ε′sub)
2 , (3.4)

B =
ε′′sub

ε′′2sub + (1− ε′sub)
2 , (3.5)

with ε̂sub and ε̂�lm being the dielectric functions of the �lm and the substrate, respec-

tively. One immediately see from Eq. 3.3 that the DRS may depend on both, the

real and imaginary part of ε�lm depending on the ratio between the two coe�cients

|A| and |B|. If the condition |B| � |A| is ful�lled for the substrate optical constants
in a certain spectral region, the DRS there can be further simpli�ed to:

DRS ≈ −8π
d

λ
A · ε′′�lm , for |B| � |A| . (3.6)
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Methods and Devices 3

In practice, the condition |B| � |A| is typically valid for substrates that are opti-

cally transparent and is not necessarily valid for opaque substrates. However, small

spectral regions may exist where this condition is su�ciently ful�lled, e.g., |B|/|A|
for silver is in the order of magnitude of 1/10 in the spectral range shown in Fig. 3.3.

This approximation is particularly useful since it allows for an analytical deter-

mination of ε′′�lm from DRS data in certain cases. The prerequisites for applying the

approximations cannot always be ful�lled, thus, numerical methods need to be con-

sidered. A numerical algorithm for the determination of optical functions from DRS

has been introduced in Refs. [47, 55]. The basic idea is to numerically minimize the

following objective function by means of the Levenberg-Marquardt algorithm [56]:

δ :=
N∑
i=1

[DRSexp(Ei)−DRStheo(n(Ei), k(Ei))]
2 → min (3.7)

where DRSexp is the experimental data and DRStheo the calculated quantity being

�tted by varying the refractive index n and extinction coe�cient k of the adsorbate

�lm. DRStheo can be derived conveniently by using the generalized matrix formalism

as introduced in Ref. [57]. This is well-suited for calculating complex layer systems,

e.g., stacks of coherent and incoherent layers. It is important to reduce the num-

ber of parameters to be optimized since the two spectral quantities, namely n and

k, cannot be derived simultaneously in an unconstrained �t from only one spectral

function (DRSexp). Various attempts can be found in the literature to cope with this

issue. Dispersion models, e.g., a Lorentzian oscillator model, are often used with

the advantage of a strong reduction of free parameters. [58] However, the need of a

model restricts the applicability of the algorithm signi�cantly. Thus, a dispersion-

model-free approach is used in this work. This relies on the fact that n and k are not

independent from each other; in a linearly responding system, they are connected by

a so-called Kramers-Kronig transformation (KKT), which is based on the principle

of causality. The n(Ei) spectrum in Eq. 3.7 is thus replaced by the KKT, which

depends solely on the k spectrum and the photon energy. [47] Besides technical dif-

�culties of the numerical evaluation of the KKT [59], integration over an unlimited

energy interval would be necessary which is, of course, not accessible by any experi-

ment. This problem, however, can be solved under the condition that the measured

energy interval covers the considered absorption bands of the �lm entirely. [55] This
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3.2 Optical and Electronic Characterization

cannot be perfectly ful�lled in practice, but transitions lying outside of the measur-

ing interval should be as far as possible from the boundaries of the measured energy

interval. In the case of organic material, this can often be ensured since absorption

bands are usually su�ciently narrow. The KKT is thus calculated by using the data

in the measured energy interval whereas the contribution of transitions lying outside

are accounted for by a non-spectral o�set parameter no�set, which is also �tted to the

data. For this purpose, it is usually necessary to provide one additional constraint,

e.g., the value of k at a certain energy. The reliably of the numerical evaluation

of the KKT can be increased by suitable extrapolation of the k spectrum. [47, 55]

The numerical algorithm thereby converges to a Kramers-Kronig compatible set of

optical functions, which constitute the best description of the measured DRS on the

basis of the used thin �lm model.

The optical functions determined from DRS data are sensitive to drift e�ects

stemming from the experimental setup. It has become evident that from the mani-

fold of possible origins (e.g., electrical, mechanical, and thermal in�uences), lamp in-

tensity �uctuations are mainly responsible for drift e�ects in the DRS data obtained

with our setup. Such drift can easily be misinterpreted in terms of light absorption

and may even prevent the algorithm from converging toward a physically meaningful

solution. In this work, the data have thus been corrected for drift, either numeri-

cally or by a second, independent measurement. The numerical method requires an

estimation of the lamp �uctuations on the basis of the DRS signal itself. For this

purpose, the spectral regions where the molecular �lms are likely to show almost

no absorption are used for drift correction. For the second method, each re�ectance

spectrum is normalized by the separately measured intensity of the light source. It

has been shown that this approach can signi�cantly improve the accuracy of DRS

measurements. [60] The DRS setup used here has therefore been improved in the

course of this work. In contrast to Ref. [60], the reference beam detection is carried

out by a photodiode, which allows for a non-spectral correction only. This approach

is feasible only if the lamp intensity �uctuations are very small and thus the shape of

the spectrum remains essentially unaltered over time. In practice, each re�ectance

spectrum is normalized by dividing by the mean value of the photodiode current

Īphoto(τ) = 1/T
∫ τ+T
t=τ

Iphoto(t) dt with the period of accumulation T . The DRS can

then be obtained in analogy to Eq. 3.2, with the di�erence that the normalized

re�ectivities R̂ = R/Īphoto(τ) are used. An example of the achievable improvement
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is shown in the appendix in Fig. A.1. This procedure allows to measure very weak

DRS signals in the low 10−4 range and even long-term stable monitoring, e.g., of

recrystallization processes, becomes feasible.

Detailed information about the used DRS setup can be found in Refs. [46, 47]

By using an unpolarized light beam at nearly normal incidence (incident angle is

approx. 20◦, the in-plane components of the dielectric tensor of the adsorbate �lm

are essentially probed. A polarizer in the incident beam and an analyzer in the re-

�ected beam could principally be used, however, the �lms investigated in this work

are known to show nearly isotropic behavior for in-plane components due to a multi-

ple rotational and mirror domains. An actively cooled 100W halogen lamp (Osram

Xenophot) was operated with a stabilized power supply (Voltcraft HPS-11530). The

re�ected light was spectrally analyzed by means of a monochromator (Acton Re-

search SpectraPro SP2356) with a charge-coupled device (CCD) attached (Princeton

Instruments Spec-10 100BR, liquid-nitrogen-cooled). The reference beam detection

was carried out by a photodiode (Osram BPW 21), which is designed to have max-

imum sensitivity at 550 nm, an current-to-voltage converter based on AD822, and

a data acquisition interface National Instruments PCI-6014. The photodiode was

operated in zero-bias mode in order to ensure highest linearity between the light

intensity and the measured photocurrent.

3.2.2 UV-Vis Absorption Spectroscopy

Optical spectroscopy in the UV-Vis spectral region is a widely used technique for

the determination of light absorption properties of liquid and solid samples. These

are placed into a light beam from which a certain amount of its initial intensity is

absorbed by the sample. With the light intensities of the initial and transmitted

beams, I0 and IT , respectively, the transmittance T is calculated as IT/I0. The

absorbance A, also referred to as optical density, is given by A = − log(T ). If

the light absorption is su�ciently weak, the absorbance can be expressed as A =

αl according to the Beer�Lambert�Bouguer law, where α = 4πk/(λ ln 10) is the

absorption coe�cient at a speci�c wavelength λ of the light in free space and l is

the path length of the sample. The absorbance in this case is proportional to the

extinction coe�cient k of the sample material.
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Absorbance spectra of molecules in solvents were acquired at room temperature

by means of an ex situ UV-Vis spectrophotometer Cary 5000 from Varian. The spec-

trophotometer was operated in the dual beam mode using a scan rate of 600 nm/min,

a data interval of 1 nm resulting in an average time of 0.1 s per data point, and a

spectral bandwidth of 2 nm.

3.2.3 Photoelectron Spectroscopy (PES)

Photoelectron spectroscopy (PES) is a widely used technique for the characterization

of the electronic and chemical properties of surfaces and thin adsorbates. This

makes use of the (outer) photoelectric e�ect, i.e., electrons are emitted from gases

or solid surfaces upon absorption of photons with energy Eph = hν. The electrons

are usually analyzed in terms of their kinetic energy Ekin and/or momentum. The

energy balance is given in a single-particle picture by the Einstein equation [61] :

Ekin = hν − EB − Φ , (3.8)

where h is the Planck constant, EB the binding energy of the electron, and Φ the

work function of the sample. The emitted primary electrons are responsible for

distinct features in photoelectron (PE) spectra (PE intensity versus EB) from which

the occupied density of states (DOS) can be inferred as shown in Fig. 3.4.

Binding energies measured by PES are given as the di�erence of the total energy

between the ground (initial) state and excited (�nal) state where the latter is lacking

one electron, i.e., a photohole is created. All electrons in the �nal state thereby

relax in order to screen the photohole. Screening thus in�uences the measured

electron binding energies, which is referred to as �nal-state e�ects. In a zero-order

approximation, it is assumed that the orbitals do not rearrange upon ionization (cf.

Koopman's theorem [62]) meaning that EB equals the ground state energy of the

electron (in the framework of Hartree-Fock theory). This assumption is especially

applicable for valence band PES where a photohole is rather e�ectively screened

by delocalized electrons, resulting in small relaxation energies. For photoholes in

the core level region, however, the screening is much less e�ective. [63] Especially

for this case, additional calculations accounting for even these �nal-state e�ects are

often needed for a reliable analysis of measured electron binding energies.

20



Methods and Devices 3

VB

1s

2p
2s

EF

Evac

E

F

VB

core levels

cut-off

PE Intensity

EB

hn

0

Figure 3.4: Principle of photoemission measurements using the example of a metal, i.e.,
the valence band is extending to the Fermi energy EF . Binding energies EB are typi-
cally measured with respect to the Fermi energy (corresponding to EB = 0). PE spectra
additionally show a characteristic secondary-electron background due to inelastic scatter-
ing of the primary electrons. At the so-called secondary-electron cut-o�, the PE intensity
abruptly decreases. This point thus gives an upper limit of the measurable binding energies
at EB = hν − Φ where Ekin equals zero.

Depending on the photon energy, di�erent variants of PES can be distinguished.

For ultra-violet photoelectron spectroscopy (UPS), photon sources providing ener-

gies ranging from approximately 10 to 100 eV are used, e.g., helium discharge lamps

(He-Iα [hν = 21.22 eV] and He-IIα [hν = 40.81 eV]), which enable emission of

electrons from the valence band region. Valence band features yield information

about electronic properties, e.g., bonding character of orbitals, charge transfers, and

charge rearrangements. The work function of the sample can be determined from

the secondary-electron cut-o� if the photon energy hν is known (cf. Fig. 3.4).

In x-ray photoelectron spectroscopy (XPS), photons with higher energies are used,

e.g., x-ray anodes (Al Kα [hν = 1486.6 eV] and Mg Kα [hν = 1253.6 eV]) with or

without subsequent monochromatization, and also appropriate synchrotron radia-

tion is becoming increasingly popular. Consequently, higher binding energies are

accessible, i.e., core levels can be analyzed with a high surface sensitivity, which

mainly results from the low escape depth of the photoelectrons. Binding energies of

core level electrons are not only element-speci�c but also sensitive to the chemical

state (chemical shift) owing to �nal-state e�ects. In addition to the main peaks (m)

in such PE spectra, several satellites (s) may appear. From a variety of possible ori-
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gins of satellites, the two most important are: (i) a valence electron is additionally

excited during the photoemission process and (ii) a formerly un�lled state becomes

�lled and therefore pulled down in energy in order to (almost) entirely screen the

photohole. The scenarios (i) and (ii) are referred to as shake-up and shake-down

�nal-state e�ects named after the satellites occurring at higher and lower binding en-

ergies compared to the main peak, respectively. PE core level lines of organic materi-

als are commonly analyzed by �tting Voigt pro�les. The Voigt pro�le represents the

convolution of a Lorentzian and a Gaussian, where the former and the latter account

for broadening due to the limited lifetime of the photohole and broadening due to

the measurement process (limited detector resolution, thermal e�ects), respectively.

An analytical expression of the Voigt pro�le is not available, in practice approxima-

tions are often applied, e.g., by a Gaussian-Lorentzian product function, in order to

reduce the numerical complexity. The ratio between Gaussian and Lorentzian con-

tributions is kept �xed to 30/70 for the analyses in this work. Strongly broadened

satellites were accounted for by pure Gaussian peaks. The area of the �tted peaks,

also referred to as photoelectron yield Y , is the integrated PE intensity obtained

from the considered chemical component after background subtraction.

For the measurements of core level and valence band spectra, a FOCUS 500

monochromatized x-ray (Al Kα emission) and a monochromatized UV light source

UVLS (He-Iα emission) combined with a toroidal-mirror monochromator TMM 304

have been used. The photoelectrons were analyzed using a PHOIBOS 150 2D-

DLD hemispherical energy analyzer. All parts were supplied by SPECS. Valence

band measurements were done under normal emission. The acceptance angle of

the detector is ±7◦. The Fermi edge region has been �tted by a convolution of

the Fermi�Dirac function with a Gaussian representing the instrumental resolution

which was thereby estimated to be ≈ 50 meV. For the determination of work func-

tions, secondary electron cut-o�s were measured with the sample biased at ≈ −9 V.

The core level spectra have been processed by means of CasaXPS 2.3.16 PR 1.6.
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3.3 Structural Characterization

3.3.1 Low-Energy Electron Di�raction (LEED)

Low-energy electron di�raction (LEED) allows for precise structural investigations

of crystalline surfaces. [64] Electron di�raction can be understood in the frame-

work of wave�particle duality meaning that each quantum particle shows not only

classical, but also wave-like properties. The de Broglie wavelength λ = h/
√

2mE

accounts for this correlation, where h is the Planck constant, and m and E are the

particle mass and energy, respectively. In practice, a monochromatic electron beam,

provided by an electron gun, is focused on the sample surface whose atoms act as

di�raction centers. A prerequisite for the observation of interference e�ects thereby

is that the electron wavelength is in the same order of magnitude as the sample lat-

tice constants, i.e., typically several Ångströms (Å) in the case of an atomic lattice.

This means that the primary energy of the incident electrons Eprimary must be in

the range of several electron volts (eV) up to 1000 eV. In analogy to the di�raction

of light at an optical grating, the atomic (or molecular) lattice thereby serves as a

di�raction grating for electron waves resulting in distinct interference maxima of the

back-scattered electrons in speci�c directions. These electrons can be detected by

either a �uorescence screen or a channeltron. [65] While the �rst is used in conven-

tional and microchannel-plate (MCP) LEEDs, the latter is employed in spot pro�le

analysis (SPA) LEEDs. If a �uorescence screen is used, a post-acceleration of the

scattered electrons is necessary, which is achieved by applying a high voltage. While

most electrons are subject to elastic scattering (the electron energy is maintained),

inelastic scattering may also occur under phonon and/or plasmon excitations as

well as electron-electron interactions. Inelastically scattered electrons generally con-

tribute as a di�use background to LEED images and are usually suppressed to a

certain extent by a retardation �eld in conventional and MCP LEED devices.

The recorded di�raction patterns can be understood in the framework of geomet-

ric LEED theory which makes use of the reciprocal space. The real space lattice

vectors {ai} and the reciprocal lattice vectors {a∗i } are related by:

ai · a∗j = 2πδij . (3.9)
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For an incident and a scattered electron with the wave vectors k0 and k, respectively,

the conditions for interference maxima are given by the Laue equation:

∆k = k − k0 = Ghkl = ha∗1 + ka∗2 + la∗3 , (3.10)

where (h, k, l) is a set of integer values. As a regular LEED pattern stems from

elastic scattering, the absolute values of the wave vectors of incident and scattered

electrons are equal, i.e., |k| = |k0|. Eq. 3.10 can be further simpli�ed by realizing

the low escape depth of the electrons which results from strong interactions with

the electrons in the solid. Only the �rst few monolayers and therefore more of

less two-dimensional (2D) lattices contribute to the observed di�raction patterns.

Consequently, it is su�cient to consider the two surface reciprocal lattice vectors

in the Laue equation, whereas the third reciprocal lattice vector is degenerate to

in�nitely dense reciprocal lattice points, so-called rods standing perpendicular on

the two other surface reciprocal lattice vectors.

In this work, an MCP LEED device from OCI Vacuum Microengineering Inc.

was used. The raw images were corrected for geometric distortions, for the primary

electron energy error, and axial distortions if the sample was tilted o�-normal. [66,

67] Finally, the LEED patterns were analyzed by means of the LeedLab [68] software.

3.3.2 Scanning Tunneling [Hydrogen] Microscopy (ST[H]M)

The scanning tunneling microscope (STM) technique is based on the quantum me-

chanical tunneling e�ect. Contrarily to classical physics, this e�ect enables electrons

with an energy E to overcome a potential barrier higher than E. The tunneling e�ect

occurs between two separated electrodes which are very close to each other (in the

range of nm). By applying a bias voltage, a net tunneling current occurs depending

exponentially on the electrode gap. In practice, an atomically sharp metallic tip is

used as a probe, which is usually created by either cutting a PtIr wire or by elec-

trochemically etching a tungsten wire. This tip is scanned along a raster pattern

(x, y) in short distance (z) over an electrically conductive sample surface, which is

realized by piezo actuators. Two di�erent operating modes can basically be used for

imaging: In constant current mode, a feedback loop actively controls the tip-sample

distance in order to keep the tunneling current constant. In constant height mode,
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the feedback loop is switched o� and the average tip-sample distance is constant.

A three-dimensional image is then created from the x and y coordinates of the tip

and, depending on the chosen operating mode, from the z position of the tip or the

tunneling current. The interpretation of STM images in terms of the sample topog-

raphy can be challenging because: (i) a contrast can be observed simultaneously in

both, the current and z image due to the �nite response time of the feedback loop

whose parameters can be adjusted rather freely, and (ii) the relevant quantity for

the measured tunneling current is the local density of states of the sample surface,

which is not necessarily constant. The lateral resolution is typically in the range of

Ångströms.

Recent developments have been achieved by functionalization of the tip. By

intentionally inserting atoms or molecules in the tunneling junction, its characteris-

tics can be altered signi�cantly such that widely di�ering types of interactions are

accessible by STM. [69�71] In this work, scanning tunneling hydrogen microscopy

(STHM) was applied as introduced by Temirov et al. [69]. This technique goes well

beyond conventional STM since hydrogen-functionalized tips clearly show strongly

improved resolution when the tips are operated at distances were Pauli repulsion

forces are dominant. The STM images then feature not only electronic contrast,

e.g., molecular orbitals, but also a geometric contrast reminiscent of the correspond-

ing skeletal formula of the molecule can be achieved. [69, 70] This technique may

even help to determine stoichiometric ratios of molecules and dopants in ultrathin

�lms. [72]

A commercially available STM (SPECS JT-LT-STM/AFM with KolibriSensors)

operated at T = 1.1 K was used. [73] Hydrogen gas was allowed into the chamber

up to a pressure of 10=7mbar during STHM measurements by means of a leak

valve. The pressure inside the three closed cryoshields (one at 78K, the others at

4K and 1.1K, respectively) may be orders of magnitudes smaller. The hydrogen

valve was closed once the contrast in the STM images strongly enhanced and stable

operation was achieved as suggested in Ref. [74]. In order to optimize the contrast,

achieving the most stable operation, and in order to avoid imaging artifacts, a

variety of tunneling parameters as well as di�erent STM tips have been used for the

measurements in this work. Only images that are representative of the samples are

shown. The STM and STHM images were processed with Gwyydion 2.41, using line

and plane corrections as well as di�erent color scalings.
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3.3.3 Normal Incidence X-Ray Standing Wave (NIXSW)

Normal incidence x-ray standing wave (NIXSW) is a technique that allows for a

precise determination of vertical adsorption positions (accuracy ∼ 0.01Å) of atoms

and molecules on top of a single crystalline substrate taking advantage of elemental

and chemical sensitivity of core level photoemission (cf. Subsec. 3.2.3). The discus-

sion of adsorption heights is thereby not only restricted to the respective molecule

in its entirety, also di�erent atomic species within molecules can be analyzed sepa-

rately, making statements about molecular conformations, deformations, and bond-

ing channels possible. [75�82] For the latter, the argumentation thereby relies on

the comparison of the vertical adsorption heights with the sum of the van-der-Waals

(vdW) radii of the involved atoms. Two main scenarios are often discussed: (i) The

adsorption heights are signi�cantly smaller than the sum of vdW radii meaning that

the bonding strength can be classi�ed as strong and charge transfers are likely to

occur. (ii) If the adsorption heights are comparable or even higher than the sum of

vdW radii, the bonding can be classi�ed as weak because vdW interactions clearly

dominate.

In the following, a brief introduction of the concept of the standing wave technique

shall be given. A more detailed description can be found in reviews [83, 84]. This

technique makes use of an x-ray standing �eld (XSW) which is formed by a coherent

superposition of two x-ray waves both having the same wavelength and a �xed phase

relation as illustrated in Fig. 3.5. The �rst one is an incident x-ray wave usually

provided by synchrotron radiation, i.e., the wavelength is tunable to a certain extent.

The second wave is generated by a Bragg re�ection of the incident wave at a single

crystalline substrate. The periodicity of the XSW is thereby given by the distance

of the scatterer planes, for which the condition for Bragg re�ection k−k0 = Ghkl is

ful�lled. The wave vectors k and k0 correspond to the Bragg re�ected and incident

waves, respectively, and Ghkl is a reciprocal lattice vector, cf. Eq. 3.10. The XSW

is modulated in the direction of Ghkl, i.e., perpendicular to the Bragg planes, and

non-modulated perpendicular to Ghkl. By sweeping the photon energy through the

Bragg condition while all other parameters are kept constant, the relative phase

between the two complex amplitudes of the waves and thus the positions of nodes

and antinodes can be moved in a controlled manner. The intensity of photoelectrons

emitted by adsorbate atoms depend on the their relative position to the standing
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Figure 3.5: Principle of the NIXSW technique. An x-ray standing wave (XSW) is created
by the interference of an incident and a Bragg-re�ected wave characterized by the wave
vectors k0 and k, respectively. Bragg re�ection is obtained at a single crystal (here with
(111) as the Miller indices of the Bragg plane). The standing �eld is characterized by a pe-
riodic intensity modulation depending on the Bragg plane distance d111. The photoelectron
yield thus depends on the adsorption height d of the photoelectron emitters (blue). Adapted
from Ref. [85]

�eld, e.g., high photoelectron yield is achieved when an antinode is directly on the

plane of atomic centers.

In practice, a series of core level PE spectra is measured by sweeping the pho-

ton energy through the Bragg condition. Each obtained spectrum is either simply

integrated or decomposed by peak �ts into contributions stemming from di�erent

chemical species. The PE yields Y as function of the energy E of the incident x-

rays, also referred to as partial yield curves, are of particular interest. These are

proportional, within the dipole approximation, to the intensity of the standing �eld

IXSW, which can be modeled as follows [83, 84]:

Y (E) ∼ IXSW = 1 +R(E) + 2
√
R(E)FC cos (ν(E)− 2πPC) , (3.11)

where E is the photon energy, R(E) is the x-ray re�ectivity, ν is the relative phase

between the amplitudes of the incident and Bragg re�ected waves, FH and PH are

the coherent fraction and position, respectively. The separately measured re�ectivity

R(E), also referred to as rocking curve, is �tted to a model of dynamic scattering
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theory in order to determine the exact position of the standing wave �eld with

respect to the Bragg planes. PH and FH are usually �tted to the experimentally

obtained yield curves. The coherent position 0 < PH < 1 gives the mean relative

position of the photoelectron emitters with respect to the Bragg plane used. The

coherent fraction 0 < FH < 1 thereby belongs to the degree of coherence, i.e., it can

be regarded as an ordering parameter. For instance, FH = 0 can be indicative of

vertical disorder, whereas FH = 1 implies that all photoelectron emitters are on the

same coherent position. The adsorption heights can be calculated according to:

d = dhkl · (n+ PH) , (3.12)

where dhkl is the Bragg plane distance and n is an integer value. From Eq. 3.11 it

can be seen that the partial yield curve is periodic in PH . For the determination of

adsorption heights, the parameter n needs to be chosen such that physically plausible

results are obtained.

The NIXSW experiments shown in this work have been performed at the end

station of the beamline IO9 at Diamond Light Source in Oxfordshire, England. The

end station is equipped with a hemispherical electron analyzer (VG Scienta EW4000)

which is attached perpendicular to the incident photon beam, a screen with a CCD

camera for measuring the x-ray re�ectivity. The �lms were carefully checked for

radiation damage prior and after each XSW scan. Signi�cant degradation can be

excluded at least on the time scale of the experiments done in this work. The core

level spectra have been processed by means of CasaXPS 2.3.16 PR 1.6 and the �ts

of the partial yield curves were performed using Torricelli 2.9.269 [86].
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4 SnPc Films on a PTCDA

Monolayer Template

This chapter discusses structural and optical properties of SnPc mono- and multilay-

ers adsorbed on one monolayer of PTCDA/Ag(111). LEED and STM measurements

were performed in the course of the master's thesis of Julia Peuker. Additionally,

molecular switching experiments were done by her and Susanne Fuchs who evaluated

the data in her bachelor's thesis. It was my privilege to supervise the experimental

work and data analysis, which were carried out in close collaboration with these two

students. Parts of the results have been published in Refs. [52, 87].

4.1 Introduction

Achieving high structural ordering of organic material is of major importance for

improving physical properties of thin �lms, e.g., the charge carrier mobility. A

recently developed concept, the so-called molecular templated growth, can be used

for this purpose. [88�90] The idea behind is that an additional ultrathin molecular

layer is inserted, which can be regarded as a template if the layer(s) adsorbed on

top inherits structural properties from this, e.g., molecular orientations, crystal sizes,

and morphologies can be controlled to a certain extent. [88�90] This approach o�ers

great potential for tailoring thin �lm properties, however, �nding a template layer

material that brings the desired e�ects is a long process in most cases. This is

mainly because of the still poorly understood adsorption behavior at organic-organic

interfaces, such as those formed between the template and the top layers.

In this chapter, an insight into the complex adsorption behavior at organic-

organic interfaces is provided by the example of tin(II)-phthalocyanine (SnPc) layers

adsorbed on a 3,4,9,10-perylene-tetracarboxylic-dianhydride (PTCDA) monolayer

(ML) on Ag(111). The in�uence of the organic-organic interface on the structure

29



4.2 Structural Characterization

formation of SnPc is elucidated, e.g., the structural ordering of SnPc multilayers

can be strongly improved by the templating e�ect induced by the PTCDA ML.

Each experiment shown in this chapter started with a PTCDA ML on Ag(111) pre-

pared by annealing of multilayers at approximately 600K [32, 34, 35]. SnPc was

subsequently deposited on top with the substrate at room temperature (RT). The

structures were studied by low-energy electron di�raction (LEED) and scanning

tunneling microscopy (STM). The electronic interaction at the SnPc/PTCDA inter-

face as well as the excitonic coupling between SnPc molecules were characterized by

di�erential re�ectance spectroscopy (DRS).

4.2 Structural Characterization

4.2.1 SnPc Submonolayers and Monolayers

In order to investigate the impact of a PTCDA monolayer (ML) on the growth of

SnPc multilayers adsorbed on top, the structure formation at the SnPc/PTCDA

interface shall be initially addressed. For this purpose, SnPc adlayers were pre-

pared at room temperature (RT) with coverages ranging from dilute submonolayers

(subML) up to one ML. The unit cell parameters were subsequently measured with

LEED for di�erent sample temperatures between RT and approximately 20K. The

molecular arrangement in the unit cell of each structure was determined by means

of STM while the samples were kept at around 1K. The structural analysis reveal

that the SnPc adlayer either forms disordered or distinctly di�erent highly ordered

phases depending on the coverage and the sample temperature. The tentative phase

diagram is depicted in Fig. 4.1 in order to give a brief overview �rst, followed by a

more detailed discussion of structural data.

Disordered phases

Two LEED images are shown in Fig. 4.2, which correspond to SnPc coverages of

approximately 0.46ML and 0.70ML acquired at 20K and RT, respectively. The

sharp spots can be ascribed to the commensurate herringbone structure of 1ML

PTCDA/Ag(111) [29, 30]; the PTCDA layer thus structurally remains unaltered

upon SnPc adsorption. The disordered structure of SnPc is responsible for the

di�use intensity around the specular re�ex.

30



SnPc Films on a PTCDA Monolayer Template 4

disordered phase

Te
m

p
e
ra

tu
re

 (
K

)

0

50

100

150

200

250

0 0.5 0.6 0.7 0.8 0.9 1.0
Coverage (ML)

0.4

300
RT

P1

P3
+

(P2)
+

P1

P3
+

P2

Figure 4.1: Tentative phase diagram of SnPc on top of 1ML PTCDA/Ag(111) as a func-
tion of coverage and temperature. The dotted line is a guide to the eye and shall indi-
cate a transition from disordered to highly ordered phases, which are labeled P1, P2, and
P3. Each indicated data point re�ects a structural transition monitored in temperature-
dependent LEED experiments, except of that at ∼1K which has been obtained from STM.
In the region where highly ordered structures appear, usually more than one phase can be
observed simultaneously by means of LEED. The predominant structure at certain points
are depicted by sketches of the corresponding unit cells. Molecules in Sn-up and Sn-down
con�guration are indicated by a bright and dark center, respectively.

The LEED patterns of SnPc can be explained by the formation two-dimensional

(2D) gas-phases, where repulsive behavior of intermolecular interactions leads to a

maximization of the distances between neighboring molecules. In order to explain

the di�use intensity pattern, a broad distribution of intermolecular distances, as

occurring in a fully dispersed system, shall be initially considered. In that case,

all frequencies would occur with equal probability in reciprocal space, and thus

the LEED intensity would be smooth and unstructured. In reality, however, Pauli

repulsion forces give rise to a minimal molecule-molecule distance, which corresponds

to the disk diameter in the LEED images, e.g., the minimal distance is 18.5Å for a

0.46ML SnPc �lm.

With increasing coverage, the disk increases in diameter and intensity is trans-

ferred from the inner to the outer part of the disk, resulting in a more ring-like

intensity distribution as observed for 0.70ML coverage at RT in Fig. 4.2 (a). This

observation can be explained by a shrinking of the mean intermolecular separation

and a narrowing of the distribution of distances, as previously also reported for

other molecules. [91] The thereby associated mean intermolecular distance of 14.5Å
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0.70 ML0.46 ML

Figure 4.2: (a) LEED images for 0.46 and 0.70ML of SnPc on 1ML PTCDA/Ag(111)
acquired at approximately 20K and RT, respectively. Simulations of the reciprocal lattice
of PTCDA (red dots), the disk- or ring-like intensity distribution (white dotted circle)
and primitive reciprocal unit cell of Ag(111) (yellow lines) are superimposed on one half
of the images. (a) STM image of 0.46ML SnPc on 1ML PTCDA/Ag(111). The SnPc
molecules feature submolecular resolution as previously reported for electronically decoupled
phthalocyanines. [94] A sketch of the PTCDA herringbone arrangement (red contour lines
and basis vectors) is superimposed on the zoomed STM image in the right upper corner.
White contour lines visualize the positions of individual SnPc molecules on top.

is already close to that reported for �at-lying phthalocyanines in highly ordered lay-

ers. [31, 51, 92, 93] In fact, an angular intensity modulation of the ring in LEED im-

ages emerges for coverages slightly higher than 0.70ML, meaning that the molecules

tend to condense into a highly ordered structure with a well-de�ned orientation with

respect to the PTCDA lattice. The STM image shown in Fig. 4.2 (b) resembles a

snapshot of that phase transition by imaging a SnPc adlayer with 0.46ML coverage

at a temperature of 1.1K (cf. phase diagram in Fig. 4.1). At this point of the phase

diagram, neither a 2D gas-phase nor a highly ordered structure of SnPc is observed,

but loosely packed SnPc islands without long-range order are formed. This image

will be discussed in more detail later in Sec. 4.2.1.

Two-dimensional gas-phases have been reported in the literature for di�erent

adsorbate-substrate combinations. [31, 91�93, 95�100] For the origin of gas-like be-

havior, electrostatic interactions are often put forward, either between permanent

dipole moments of the molecules [101] or between adsorption induced dipoles arising

from charge transfers with the substrate and the push-back e�ect [31, 91, 102, 103].

In addition, driving forces due to entropy maximization contribute to repulsive in-

termolecular interaction as well. [96, 104] The free SnPc molecule indeed has a dipole
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moment of 0.9D as calculated by means of density functional theory (DFT) [34],

however, this might not play an important role for the formation of the gas-phase

observed here. This can be concluded from a very similar system, where SnPc is

simply replaced by the planar copper(II)-phthalocyanine (CuPc). This molecules

does not feature a permanent dipole moment, nevertheless, the adsorption behavior

in the subML region over a wide temperature range is very similar to that observed

here for SnPc, a 2D gas-phase is initially formed.[35, 105] It is more likely that

adsorption induced dipole moments contribute to repulsive intermolecular interac-

tion, even though the interaction at the SnPc/PTCDA interface has predominantly

non-covalent character. [34] Further, it has been shown that partial charges residing

on the outer hydrogen atoms of aromatic molecules can lead to Coulomb repul-

sion, while the attractive van derWaals forces may be signi�cantly screened in the

proximity of a metal surface [106].

Commensurate phases

Distinct highly ordered phases arise upon cooling depending on the SnPc coverage,

i.e., the phases P1, P2, and P3 can be obtained. In order to characterize their unit

cell parameters, the corresponding LEED images have been analyzed in detail. This

has been done by numerically �tting reciprocal lattices to di�raction spots stemming

from SnPc by using LEEDLab [68]. This procedure allows for a rather objective and

accurate determination of the epitaxy type. For instance, commensurability has not

simply been concluded on the basis of seemingly coinciding di�raction spots. If two

spots are situated rather close together, they will not be individually resolvable due

to �nite spot sizes. Thus, the algorithm would treat both spots as a single one,

which most likely leads to wrong conclusions. Thus, only those spots of SnPc have

been used for the lattice �t that are well separated from other spots such as those of

the underlying PTCDA. Getting information about the unit cell orientation just by

LEED can be rather di�cult when it comes to organic-organic heteroepitaxy. Since

a LEED pattern usually represents a macroscopic average of the sample, symmetry

equivalent structures are often simultaneously observed, e.g., rotational and mirror

domains of PTCDA. Nevertheless, it is thereby highly unlikely that a SnPc domain

possesses more than one orientation on top of a PTCDA domain for symmetry

reasons (1ML PTCDA/Ag(111) exhibits an oblique lattice with a unit cell angle
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Figure 4.3: LEED and STM images of (a) 0.62ML (phase P1), (b) 0.92ML (phase
P2) and (c) 1.00ML (phase P3) of SnPc on 1ML PTCDA/Ag(111). Simulated LEED
patterns of SnPc according to the epitaxy matrices in Tab. 4.1, the underlying PTCDA
(red dots) under the consideration of symmetry equivalents as well as primitive reciprocal
unit cells of Ag(111) (yellow lines) are superimposed on the upper images. The sample
surfaces have been tilted to observe the origin of the reciprocal space [(0 0)-spot]. In the
magni�ed insets in the upper right corner of each STM image, the unit cell vectors and
corresponding bases are depicted. Submolecular resolution clearly features nodal planes in
the orbital structure as exemplary shown for a Sn-down molecule in the lower left part of
the STM image in (c). Adapted from Ref. [52].

of 89◦). In practice, such LEED images can be indeed simulated by di�erent SnPc

epitaxy matrices, however, only one of them is most likely physically meaningful. It

was that epitaxy relation considered to be relevant that �ts to one of the epitaxy

modes listed in Sec. 3.1.

The structural analysis shall start with phase P1, which forms large domains over

a wide coverage range. For coverages less than 0.7ML at low temperatures, P1 is

exclusively formed on the surfaces. For higher coverages, however, P1 was found

to coexist with other highly ordered phases (cf. Fig. 4.1). The LEED image of a
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0.62ML SnPc adlayer acquired for a sample temperature of approximately 20K is

shown in Fig. 4.3 (a). All spots can be assigned to phase P1 with a lattice that

is in a commensurate registry with the underlying PTCDA lattice. The epitaxy

matrix follows CP1 = ( 2 0
0 1 ), also referred to as a 2 × 1 superstructure in terms of

the so-called Wood notation [107].

The unit cell composition shall be determined from the STM image shown in

Fig. 4.3 (a). The speci�c con�guration of each molecule is clearly discernible by the

contrast stemming in large part from the HOMO-1, which is known to be localized

predominantly at the Sn atom. [108�113] Accordingly, the center of Sn-up and Sn-

down molecules appear bright and dark, respectively. It can thus be seen that the

basis consists of 2 SnPc molecules with opposite Sn con�guration. The determi-

nation of adsorption sites, however, is di�cult since no uncovered PTCDA regions

could be imaged simultaneously. Nevertheless, the STM image of the disordered

structure in Fig. 4.2 (a) can give at least a hint, since pairs of molecules are reminis-

cent of the molecular arrangement within the unit cell of phase P1. Adsorption sites

have been determined on the basis of a superimposed PTCDA herringbone arrange-

ment as exempli�ed in the zoom in the upper right corner of Fig. 4.1 (b). The cor-

responding lattice has been oriented and scaled on the basis of uncovered PTCDA

regions. The adsorption sites and con�gurations of SnPc thereby correlate such

that Sn-down and Sn-up molecules adsorb preferentially between (hollow site) and

on top of PTCDA molecules, respectively. Remarkably, pairs of neighboring SnPc

molecules often consist of alternating Sn-up and Sn-down con�gurations, which en-

ables a local compensation of the permanent dipole moments of the molecules. The

adsorption sites adopted within an extended domain, however, might di�er. Thus,

the adsorption sites of the molecules in phase P1 remain somewhat uncertain.

For higher coverages, transitions to phase P2 and P3 can be observed. The

LEED images shown in Fig. 4.3 reveal that these phases distinctively di�er from

P1, although they are also commensurate. The structures of the phases P1, P2,

and P3 are thereby fundamentally di�erent from those obtained for SnPc molecules

adsorbed on metal single crystals. [31, 51, 92, 93]. The STM images in Fig. 4.3

(b) and (c) reveal that 7 and 6 molecules are in the unit cells of phase P2 and

P3, respectively, which renders the large unit cells concluded from LEED plausible.

The lack of any Moiré pattern is a further hint towards (though not a direct proof

of) of commensurability. Moreover, in both cases very special Sn-up and Sn-down
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Table 4.1: Structural parameters of the three commensurate phases of SnPc on 1ML
PTCDA/Ag(111). b1, b2: SnPc lattice vectors; Γ: unit cell angle between b1 and b2;
θ: SnPc domain angle between b1 and the PTCDA lattice vector a1. The SnPc epitaxy
matrices are given with respect to the PTCDA interlayer. For each matrix element an
uncertainty of ±0.01 was determined, representing twice the standard deviation of the
numerical lattice �t. The total scaling of each matrix is (1 ± δ) with a scaling error of
δ ≈ 0.01. The matrix CPTCDA =

(
3 5
−6 1

)
was used to simulate the PTCDA/Ag(111) spots.

Primitive silver lattice vectors enclose an angle of 120◦. N is the number of SnPc molecules
per unit cell and ρ refers to the number of molecules per nm2. Numbers in parentheses
indicate the uncertainty of the last signi�cant digit.

phase |b1| |b2| Γ θ epitaxy matrix C N ρ

(Å) (Å) (◦) (◦) (1/nm2)

P1 25.2(4) 18.9(3) 90.9(1) 73.3(1)
(

2.00 0.00
0.00 1.00

)
2 0.42

P2 31.9(4) 53.6(6) 122.5(1) 36.7(1)
(

2.01 1.00
−4.01 1.01

)
7 0.49

P3 31.8(5) 42.1(6) 116.6(1) 36.6(1)
(

2.00 1.00
−3.01 1.00

)
6 0.50

motifs occur, which are entirely di�erent from any molecular arrangement of SnPc

in known bulk crystal structures [114]. For instance, in phase P2 all molecules are

in Sn-up con�guration, whereas 4 Sn-up and 2 Sn-down molecules are in the unit

cell of phase P3. Remarkably, the molecular areal density, given as the area of the

unit cell divided by the number in the respective basis, tends to increase with the

coverage. The unit cell parameters of all those commensurate phases are compiled

in Tab. 4.1.

To the our knowledge, only three commensurate organic-organic heterointerfaces

of large aromatic molecules have been previously found, namely 1ML CuPc/1ML

PTCDA [35], 1ML F16CuPc/1ML CuPc [81], both on Ag(111) substrates, and a

subML of vanadyl phthalocyanine (VOPc) on top of an iron phthalocyanine (FePc)

ML on Au(111) [115]. All of these previously reported examples exhibit unit cell

dimensions much larger than those of the 2× 1 superstructure of SnPc (phase P1).

At �rst glance, the occurrence of di�erent commensurate phases seems to be coun-

terintuitive especially in the light of the rather di�erent symmetries of the molecules,

e.g., two-fold and nearly planar (PTCDA) versus four-fold and shuttlecock-shaped

(SnPc). However, speci�c epitaxial structures adopted by organic molecules are a

consequence of a subtle balance between molecule-molecule and molecule-substrate

interactions (cf. Sec. 3.1). Especially in the case of organic-organic interfaces the
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Figure 4.4: (a) Real space lattices of the three commensurate phases of SnPc as well as
CuPc (Ref. [35]) on top of 1ML PTCDA/Ag(111). The epitaxy matrices of each structure
and simulated LEED patterns under the consideration of PTCDA symmetry equivalents
(red dots) are given in (b). Adapted from Ref. [52].

adsorption potential can be highly corrugated, i.e., the energy gain upon a certain

epitaxial registry can be strongly adsorption site speci�c. Therefore, the molecules

and whole domains may quickly respond even to slightly changed environmental

conditions, e.g., coverage and temperature. The structural transitions between the

commensurate phases P1, P2, and P3 are prime examples where not only lattice

constants and orientations change, even di�erent molecular con�gurations (Sn-up

and Sn-down) occur. This behavior is not the usual case at organic-organic in-

terfaces. Often other types of epitaxial relations, namely point-on-line (POL) and

line-on-line (LOL), are preferentially formed.[23, 116�119]

It can be anticipated that the non-planarity of SnPc plays an important role for

the wealth of commensurate phases. This shall be made plausible by a comparison

to the same heterointerface, but with the planar CuPc instead of SnPc. In fact,

the phase diagrams of both phthalocyanines di�er signi�cantly: for low coverages of

CuPc, a gas-like phase is initially formed from which the molecules condense into a

highly ordered commensurate structure upon increasing coverage and/or cooling to

low temperatures. [35] Interestingly, this is the only highly ordered phase reported

even up to monolayer coverage. The epitaxy matrix of CuPc follows CCuPc/PTCDA =

( 3 1
−2 1 ) [35], while the SnPc adlayer follows CSnPc/PTCDA = ( 2 1

−3 1 ) (phase P3). Both
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lattices have rather comparable appearances as depicted in Fig. 4.4 (a) and even the

unit cell areas are identical. It seems as if they could be related to each other by

applying a mirror operation at an axis parallel to the long unit cell vector of PTCDA.

However, they are de�nitively not symmetry equivalent since the PTCDA unit cell

vectors are not perpendicular to each other but enclose an angle of 89◦. Probably

even more convincing is the fact that already the LEED patterns di�er signi�cantly

(cf. Fig. 4.4 (b)). In fact, the noticeable di�erence between both structures is most

likely a consequence of slightly di�erent molecular geometries of SnPc and CuPc.

The lower symmetry of SnPc thereby provides another degree of freedom (Sn-up

and Sn-down) for energy minimization upon epitaxial growth.

Molecular switching

Structural transitions in these �lms make it necessary that molecules change their

con�gurations between Sn-up and Sn-down, which is referred to as molecular switch-

ing. [109, 120�124] In the following, an attempt shall be made to estimate the acti-

vation energy needed to switch a molecule from one to a another con�guration. It

is known that single SnPc molecules can selectively be switched under the in�uence

of an STM tip with a certain switching voltage VS applied. A key role thereby plays

the tip-molecule interaction via HOMO-1 and LUMO+1 of SnPc. [109, 121] Espe-

cially the �rst orbital is known to be strongly localized at the Sn atom and hence

to protrude from the molecular plane. [121] Depending on the polarity of the tip

voltage, either electrons or holes are injected into the molecule. From the switching

voltage VS, the bonding situation of the Sn atom to the substrate can be inferred to

a certain extent.

The possibility of con�gurational switching has been demonstrated for SnPc in

di�erent bonding environments: For strong bonding scenarios, as it is the case for

SnPc directly on Ag(111), switching was feasible from Sn-up to Sn-down by apply-

ing VS ≤ −1.9 V. [109] Switching in the other direction, however, was not feasible

which has been ascribed to an increased orbital overlap of HOMO-1 with substrate

states in the case of Sn-down molecules. [109, 121] Attempts were made to electron-

ically decouple SnPc molecules from the metal substrate prior to switching [109],

i.e., bringing the molecules in a weakly bonding environment. It is known that a

ML of the same material is appropriate to electronically decouple the second-layer
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Figure 4.5: STM-tip-induced switching of a selected SnPc molecule embedded in an ex-
tended highly ordered domain (phase P3). (a) The con�guration of a Sn-up molecule
shown in (a) has been inverted by applying a negative bias voltage VT . −1.9V . (b) After
switching, the same molecule remains in a Sn-down con�guration during scanning with
VT = +2.1 V. (c) Switching back to Sn-up is feasible by applying a positive tip voltage
VT ≥ 2.8 V. The tip positions while switching the molecules are indicated by blue crosses
in the STM images.

molecules. [34, 51, 125] These molecules indeed enable reversible switching, meaning

that changing the con�guration from Sn-down to Sn-up is permitted, by applying

VS ≥ +2.8 V. Similar results were found for SnPc on InAs(111) [123] and chloroalu-

minum phthalocyanine (ClAlPc) on graphite [124], with the di�erence that there the

molecule-substrate interaction is already weak enough to enable reversible switch-

ing even for �rst-layer molecules. Two mechanisms are basically discussed in the

literature: (i) tunneling of the Sn atom through the molecular plane [109, 123, 124]

and (ii) a �ip-over of the whole molecule [120]. A comprehensive theoretical study

of the inversion of shuttlecock-shaped phthalocyanines in this context is provided in

Ref. [122].

Switching of individual SnPc molecules on top of PTCDA/Ag(111) has been in-

vestigated for phase P3 because of: (i) Commensurability is advantageous since the

number of molecules with di�erent adsorption sites is strongly reduced due to pe-

riodic conditions. Consequently, a proper overview can be gained by investigating

the molecules within the unit cell, i.e., six nonequivalent molecules need to be con-

sidered in that case. (ii) It is the most densely packed phase occurring in the phase

diagram up to monolayer coverage. This makes it more unlikely that switching is

simply caused by spontaneously changed adsorption sites, molecular rotations or
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�ip-over processes as brought forward in Refs. [109, 120] It was desired to switch

only one molecule embedded in an extended domain. The corresponding molecule

has been addressed by positioning the STM tip above. During sweeps of the tip

voltage, the tip-sample distance has been kept constant by disabling the feedback-

loop (thermal drift e�ects are minor owing to low and very stable temperatures).

In Fig. 4.5, a representative series of STM images is shown, where the con�gura-

tion of the individual molecule has been changed. Importantly, this was reversibly

feasible for each of the six molecules in the unit cell. Sn-down to Sn-up and vice

versa thereby require tip voltages of VS . −1.9 V and VS & +2.8 V, respectively. No

signi�cant di�erences in the switching voltages of the six molecules in the unit cell

were found. It is noteworthy that only the respective addressed molecule switched

while the molecular environment was minor if even negligibly a�ected. In fact, the

voltages are very similar to those observed for switching SnPc from down to up on

top of 1ML SnPc/Ag(111). [108] Switching in the same direction, but at signi�-

cantly lower voltages was feasible for SnPc on InAs(111)A. [123] The underlying

mechanism has been ascribed to an injection of electrons into unoccupied states of

SnPc, e.g., LUMO+1. [108] It is likely that thereby intramolecular vibrations are

resonantly excited activating the tunneling process of the Sn atom to �nd a more

favored position. [109, 123] It is further thought that the tip-induced electric �eld

assists the switching by coupling to the permanent dipole moment of SnPc. [123]

From the observation that switching from down to up is possible here, it can be

concluded that the orbital overlap of HOMO-1 and silver and/or PTCDA states is

far from being strong.

4.2.2 SnPc Bilayers and Multilayers

The heterointerface of 1ML SnPc on top of 1ML PTCDA/Ag(111) was structurally

characterized. Brie�y, it was been found that the SnPc ML forms a commensurate

structure with a relatively large unit cell consisting of 6 SnPc molecules where 4 are

in Sn-up and 2 in a Sn-down con�guration. In the following, the in�uence of the

PTCDA layer on the structures of thicker �lms of SnPc shall be elucidated.

The structural analysis starts with a 1.5ML SnPc adlayer on 1ML PTCDA/

Ag(111). Such �lms mainly consist of densely packed domains and, very sporadically,
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single molecules loosely distributed in the second SnPc ML. Thus, the �rst SnPc

ML intentionally remains partially uncovered.

The STM image in Fig. 4.6 (a) shows a very dilute region of the second ML of

SnPc, where single molecules (highlighted by white dashed circles) are adsorbed in a

geometry with the shuttlecocks being stacked in a head-to-tail alignment. It seems

that the structure of the �rst ML of SnPc is not a�ected. This arrangement is rem-

iniscent of quasi-isolated physical dimers in solutions under certain conditions [126,

127] supposedly accounting for a maximum of π-π orbital overlap. A comparable

behavior has been recently observed also for submonolayers of shuttlecock-shaped

vanadyl phthalocyanine (VOPc) on top of a ML of planar iron phthalocyanine (FePc)

monolayer on Au(111). [115]

The densely packed domains of the second SnPc ML laterally extend over several

hundred nanometers, thereby forming a highly ordered structure with a low defect

concentration. It seems that the domains size is only limited by defects of the �rst

ML SnPc predominately located at silver steps (cf. Fig. A.2), apparently acting as

a di�usion barrier for second-layer molecules (cf. Fig. 4.6 (b)). Strikingly, lattice

defects of the �rst ML of SnPc can be often observed nearby a domain boundary

of the second ML (cf. Fig. 4.6 (c)). Since these defects are certainly not caused

by substrate steps, two alternative scenarios remain to be discussed: (i) A domain

boundary of the underlying PTCDA and (ii) bilayer (BL) formation structurally

rearranging the �rst ML of SnPc. A domain boundary of PTCDA can be either

formed between domains of di�erent orientations (mirror and rotational symmetry

equivalents) or between equally oriented domains. The domain boundary in the

latter case is also referred to as dislocation. While di�erent domain orientations can

easily be excluded by the help of fast Fourier transformations (FFT) of the lower

left and upper right parts of the STM image in Fig. 4.6 (c), providing evidence for

dislocations is more complicated. Since even large-area scans (100 × 100 nm2) of

the SnPc ML on 1ML PTCDA/Ag(111) did not show any comparable pattern of

molecular defects that would be indicative of PTCDA dislocations, it is therefore

concluded that scenario (ii) is far more likely. This is also corroborated by the fact

that the characteristic motif of the (uncovered) �rst ML of SnPc is not adapted by

the second ML of SnPc as shown in Fig. 4.6 (c).

The structure of the SnPc BL has therefore been analyzed in more detail. The

LEED image of a 1.5ML SnPc adlayer in Fig. 4.6 (d) shows spots stemming from
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Figure 4.6: STM and LEED images of a 1.5ML SnPc adlayer on 1ML PTCDA/
Ag(111). The second ML of SnPc consists of (a) loosely distributed single molecules in
dilute regions (highlighted by white dotted circles) and (b) densely packed highly ordered
domains. The white arrow in (b) points at a substrate step edge. The unit cell vectors
of the BL and the basis consisting of one molecule is shown in the magni�ed inset in the
upper right corner of (c). A LEED simulation of the SnPc BL (open green circles), the
SnPc ML (open blue circles), the 1ML PTCDA/Ag(111) layer (red dots), and primitive
reciprocal unit cell of Ag(111) are superimposed on selected segments of the image in (d).

the SnPc bilayer. The di�culty of the structural analysis, however, is the same as

already encountered in Subsec. 4.2.1, i.e., the determination of the epitaxy relation

based solely on LEED measurements is ambiguous in general. This issue can be

tackled by a combined evaluation of LEED and Fourier-transformed STM images.

These images can basically be analyzed in full analogy; the only di�erence between

both is that LEED probes a macroscopic average of the sample, the latter approach

takes advantage of local resolution of STM. This means that a single domain can be

investigated, which substantially facilitates the determination of the epitaxy relation
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Figure 4.7: (a) Zoom of the STM image of the SnPc BL shown in the lower left cor-
ner of Fig. 4.6 (c). The upper right part has been strongly contrast enhanced. (b) The
corresponding 2D Fourier transformation with a lattice simulation superimposed on one
half of the image. The convolution (yellow spots) of the primitive SnPc (green spots) and
PTCDA (red spots) lattices has been �tted to the experimental data by varying the lattice
parameters. A real-space plot of the SnPc BL is shown in the schematic (c) top- and (d)
side-view. The suggested basis of the primitive unit cell of the SnPc BL consists of a Sn-up
(grey) and a Sn-down (black) molecule in the �rst and second ML of SnPc, respectively.
The stacking of SnPc layers is illustrated in the side-view. The �rst BL is indicated by
the rounded box. The arrow points in the stacking direction of the quasi-one-dimensional
aggregates.

as demonstrated in the following. An STM image containing only one SnPc domain

and the corresponding FFT are shown in Fig. 4.7. Strikingly, the FFT contains not

only spots stemming from the primitive SnPc lattice of the second ML (green spots),

also frequencies (yellow spots) are observed that can be ascribed to theMoiré pattern

clearly visible in the strongly contrast-enhanced STM image in the upper right part

of Fig. 4.7 (a). In reciprocal space, the spot pattern can thus be mathematically

described by a convolution of the SnPc and the PTCDA lattices. [128] This approach

already describes all spots of the FFT rather well. No contributions of the SnPc

monolayer structure P3 can be found, which unequivocally proves that the �rst

SnPc layer is structurally rearranged upon adsorption of second-layer molecules in

su�ciently large quantities.

The lattice parameters determined from FFTs can be a�ected by drift, which is

often unavoidable in STM measurements. However, if the adsorbate as well as the

substrate lattices are observed at the same time in an FFT, as it is the case here, the
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epitaxy relation can be determined with very high accuracy because both lattices

are subject to the same drift-induced distortion. [128] The epitaxy matrix of the

second ML of SnPc CprimitiveSnPc =
(

1 −1/3
2/3 5/9

)
contains only rational values indicating a

commensurate super cell (SC), often also referred to as higher-order commensurism

(cf. Sec. 3.1). The SC can also be identi�ed in the strongly contrast enhanced

upper right part of the STM image shown in Fig. 4.7 (a). The epitaxy matrix of

the SC follows CSCSnPc = ( 3 −1
1 2 ) due to coincidences between the (1̄ 3) and (3 0) lattice

vectors of SnPc and the (1 2) and (3 1̄) lattice vectors of PTCDA. This is further

illustrated in the real-space plot in Fig. 4.7 (c). All epitaxy matrices are given with

respect to the PTCDA ML. Since the PTCDA lattice parameters are well known,

the adsorbate lattice parameters can be deduced as well. The lattice parameters

obtained are compiled in Tab. 4.2.

Structural reorganizations as occurring upon bilayer formation can strongly alter

the orbital overlap of adjacent molecules and hence optical and electronic properties

are a�ected as well. It is thus highly desired to identify the molecular arrangement

within the SnPc bilayer. The data so far indicate a structural rearrangement of

the lower SnPc layer from six molecules in the unit cell towards a structure that

is most likely comparable or even the same as in the upper layer. This can be

readily justi�ed from the lattices of the upper SnPc layer and that of the PTCDA

ML being in a commensurate registry. If the upper and lower SnPc layers were

in di�erent registries with respect to PTCDA, it would be clearly visible in the

Fourier-transformed STM images. An attempt shall be made to describe the SnPc

bilayer structure by a two-dimensional lattice and a bimolecular basis with exactly

one molecule in each layer. While the upper layer obviously contains only molecules

in Sn-down con�guration, information about the Sn con�gurations within the �rst

ML of SnPc is not readily accessible by means of STM.

The molecular arrangement of the bilayer shall thus be inferred from the well-

known triclinic bulk structure of SnPc. [114] Strikingly, the unit cell identi�ed for

the upper SnPc layer is rather similar to the two-dimensional unit cell of the (1 0 1̄)

lattice plane of the SnPc triclinic structure. The corresponding basis there consists

in fact of two molecules which are stacked pairwise in a slipped cofacial geometry

and the shuttlecocks of adjacent molecules of each pair point towards each other.

The molecules are not �at-lying with respect to the (1 0 1̄) lattice plane, but they

are tilted by ∼20◦ giving rise to a length di�erence of 1.6Å between the two unit
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Table 4.2: Structural parameters of SnPc on 1ML PTCDA/Ag(111). b1, b2: SnPc lattice
vectors; Γ: unit cell angle between b1 and b2; θ: SnPc domain angle between b1 and the
PTCDA lattice vector a1. The structural parameters of the BL and the 4ML SnPc �lm
were obtained from the FFT in Fig. 4.7 and from LEED measurements, respectively. The
epitaxy matrix of the SnPc BL is given with respect to the PTCDA lattice, which itself is
described by CPTCDA =

(
3 5
−6 1

)
relative to the Ag(111) surface. The uncertainties of each

matrix element refer to the standard deviation of the �tting routine. The primitive silver
lattice vectors enclose an angle of 120◦. Numbers in parentheses indicate the uncertainty
of the last signi�cant digit(s).

structure |b1| |b2| Γ θ epitaxy matrix C
(Å) (Å) (◦) (◦)

BL 13.99(4) 13.59(4) 77.5(2) −26.8(2)
(

1.001(2) −0.333(1)
0.668(3) 0.556(2)

)
4 ML 13.9(4) 13.4(4) 77.6(2) - -

(1 0 1̄)-plane of
triclinic bulk

[114]

14.205(10) 12.630(3) 75.40(8) - -

cell vectors. In contrast, the unit cell vectors of the bilayer structure, b1 and b2,

di�er by only 0.4Å. It can thus be expected that the molecules are tilted to a

lesser extent and they may even adsorb �at-lying, i.e., the phthalocyanine ring is

oriented parallel to the surface. The suggested basis has been superimposed to

the real-space plot in Fig. 4.7 (c). It can be seen that the arrangement of stacked

molecules in bilayer domains signi�cantly di�er from that encountered for single

second-layer molecules seen in Fig. 4.6 (a). In extended BL domains, a slipped

cofacial geometry is preferred against a cofacial (face-to-face) arrangement, which

emphasizes the known tendency of the central metal atoms of phthalocyanines to

interact with the mesobridged nitrogen atoms of adjacent molecules. [129]

Further molecules adsorbed on top of the �rst BL do not grow in a layer-by-layer

mode (cf. Sec. 3.1) anymore, but they tend to grow BL-wise. The con�guration

is thereby Sn-up and Sn-down in odd- and even-numbered layers, respectively. A

similar behavior has been found for multilayers of SnPc on Ag(111) [108] and for

PbPc on graphite [130]. In Fig. 4.8 (a), an STM image of the fourth ML of SnPc

is shown where all molecules in the topmost layer are in Sn-down con�guration. A

Sn-up molecule, that is a representative of the third ML, is indicated by the white

dashed circle in Fig. 4.8 (a). This molecule is slipped by about half of the length
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Figure 4.8: (a) STM and (b) LEED images of a SnPc adlayer on 1ML PTCDA/
Ag(111) with nominal thickness of 4 ML. The surface unit cell of the fourth ML is su-
perimposed to the STM image with the basis consisting of a Sn-down molecule in the upper
layer. A Sn-up molecule that is a representative of the third ML is indicated by the white
dashed circle. In (b) a LEED simulation of SnPc multilayers (purple) is superimposed to
image. The primitive reciprocal unit cell of Ag(111) (yellow lines) is also indicated.

of the longer unit cell vector compared to the respective molecule in the topmost

layer. This arrangement thus mimics the suggestion structure of the �rst BL (cf.

Fig. 4.7 (c)). In fact, the lattice parameters obtained from the LEED measurement

in Fig. 4.8 (b) are rather similar to those of the �rst BL. Only the second unit cell

vector seems to be smaller by 0.2Å which, however, might be insigni�cant due to

the much higher experimental uncertainty.

4.3 Optical Properties

The structural characterization in the previous section evidences that SnPc �lms

grow layer-by-layer up until completion of the �rst BL, whereas three-dimensional

crystallites are formed in thicker �lms. Since DRS measurements probe a macro-

scopic area of the sample surface, �lm thickness speci�cations in units of MLs are

inappropriate. Monolayer equivalents (MLE) shall thus be introduced here, where

1MLE refers to the amount of SnPc molecules that is necessary to entirely cover the

surface with a single layer of phase P3 (see above). For the sake of consistency in

the following discussion of DRS data, SnPc �lm thickness speci�cations are always

given in units of MLE.
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4.3.1 SnPc Monolayer

The imaginary part of the dielectric function ε′′ of SnPc on 1ML PTCDA/Ag(111)

is shown in Fig. 4.9 for �lm thicknesses ranging from submonolayers up to 1MLE.

These spectra have been numerically extracted from the DRS data by means of the

algorithm introduced in Subsec. 3.2.1. A two-layer model has been applied using

the e�ective �lm thicknesses of a monolayer of PTCDA and SnPc, 3.2Å [131, 132]

and 3.4Å [114, 133], respectively.

The spectrum of 1ML SnPc (cf. red curve in Fig. 4.9 (a)) shows a main peak

and a shoulder at 1.88 eV and 1.71 eV, respectively. This signature can be assigned

to the Q-band of phthalocyanine monomers as likewise observed on an inert mica

substrate or in appropriate solutions, e.g., benzene (cf. Fig. 4.9 (d)). The monomer

behavior is thereby a consequence of (i) the ability of the PTCDA ML to electron-

ically decouple SnPc from the metal substrate, while the electronic interaction of

SnPc with PTCDA is supposed to be minor at most, and (ii) the excitonic coupling

is quite small within the layer as well as across the heterointerface. Excitonic cou-

pling in this context refers to Coulomb interaction between molecules where excited

states are involved. The impact of this coupling mechanism to optical absorption

spectra can be qualitatively understood in the semi-classical framework of Kasha's

theory [134], albeit simpli�ed since the speci�c appearances of orbital overlaps are

neglected. The interactions between molecules are instead discussed on the basis of

transition dipole coupling. The corresponding transition dipole moments account for

spatial charge rearrangements upon optical excitation of the molecules. Moreover,

the dipole moments are often even treated as point-like to further reduce the com-

plexity. In the case of phthalocyanines, two transition dipole moments need to be

considered, both are orthogonal to each other and they are lying within the molec-

ular plane. They are energetically degenerate as long as the molecule is isolated.

Excitonic coupling in this theory depends on the molecular arrangement, or more

precisely, on the distance and orientation of transition dipole moments with respect

to each other. From this, it can be realized that excitonic coupling within the �rst

MLE of SnPc is quite small, although the molecules are surrounded by others. The

reason lies in the fact that the distance between the centers of gravity of adjacent

SnPc molecules, with a value of approximately 1.3 nm, is relatively large.
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Figure 4.9: (a) ε′′ spectra of SnPc adlayers on 1ML PTCDA/Ag(111) numerically ex-
tracted from Fig. A.3. ∆ε′′ spectra are shown in (b), labeled according to the scheme m−n
meaning that the di�erences of the ε′′ spectra corresponding to the �lm thicknesses m and
n MLE are calculated. (c) For comparison, ε′′ of 12MLE of SnPc on 1ML PTCDA and
1ML SnPc, both on Ag(111). (d) Normalized absorbance spectra of SnPc in benzene, 16
nm SnPc on quartz glass [137] and ε′′ spectrum of SnPc on inert mica for comparison.
The arrows point to the ordinate corresponding to the respective curves.
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4.3.2 SnPc Bilayer

Upon bilayer formation (1BL equals 2MLE), the ε′′ spectra change abruptly. In

order to illustrate spectral changes, the di�erences between ε′′ spectra, hereafter

denoted as ∆ε′′ spectra, are shown in Fig. 4.9 (b). The spectra are labeled according

to the scheme m − n, meaning that the di�erences between the ε′′ spectra of �lms

with nominal SnPc thicknesses of m and n MLEs have been calculated. It can be

seen that monomers disappear with increasing �lm thickness indicated by a negative

monomer spectrum in ∆ε′′. The reason for this sudden spectral transformation

is readily explainable considering the distance between the centers of gravity of

the molecules. This distance changes drastically as soon as the second SnPc ML

starts to grow. A signi�cant overlap of the out-of-plane π orbitals sets in between

stacked molecules, which is also referred to as physical aggregation. If the in-plane

interaction thereby remains quite weak, the aggregates can be regarded as quasi-

one-dimensional. [135, 136] The aggregate size scales with the number of stacked

molecules. For instance, two stacked molecules may form a dimer and so forth. The

suggested stacking geometry is shown in Fig. 4.7 (d).

This can be qualitatively understood such that every second-layer molecule con-

verts a monomer into a physical dimer upon bilayer formation. The dimers have

a characteristic absorption peak at 1.46 eV, the former Q-band of the monomers

is thus strongly redshifted. This principally indicates a head-to-tail arrangement

of transition dipole moments of the molecules, the aggregates thus having J-type

character. This is compatible with the structure suggestion in Fig. 4.7.

It is known that the energetic positions of the two absorption bands depend on

the slipping distance. [138] However, understanding the optical spectra can be more

complex for the following reasons: (i) The speci�c appearance of orbitals, especially

�ne details, are not accounted for in the framework of transition dipole coupling,

e.g., the orbital overlap may not change continuously with the slipping distance,

but can feature several minima and maxima depending on spatial modulations of

orbitals. [139] Especially for non-planar molecules, more geometrical parameters

than merely a transition dipole moment can be required, e.g., it can be expected

that it is important to account for di�erent Sn-up and Sn-down con�gurations of

adjacent molecules. (ii) The theory only accounts for Frenkel excitons, whereas in

practice also charge-transfer (CT) excitons may occur. In general, strong orbital
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overlap can allow the excitation energy to delocalize, preferentially along directions

where the largest electronic dispersion occurs. [140] In fact, a splitting of the HOMO

has been found for the SnPc BL on 1ML PTCDA/Ag(111) [32] and similarly for

PbPc on graphite [130]. For the latter, this splitting has been explicitly attributed

to relatively strong π-π interactions. Consequently, it cannot be excluded that in

BLs an admixture of Frenkel and CT excitons dictate the optical absorption be-

havior. [141] (iii) Electron-phonon coupling can strongly change upon aggregation.

All these arguments are di�cult to account for, especially together in a comprehen-

sive theory. A prime example for such a theory is given for quasi-one-dimensional

aggregates of perylene derivatives in Refs. [142�145].

Electronic absorption spectra of SnPc monomers and aggregates have been re-

cently calculated by means of time-dependent density functional theory. [146] The

�ndings relevant for this work shall be brie�y given in the following. Those calcula-

tions go well beyond Kasha's theory since orbital overlaps are considered by means

of quantum chemistry methods, i.e., band formation and charge delocalization are

included, however, electron-phonon coupling is not. For these calculations, di�erent

kinds of dimers were identi�ed to be relevant in aggregates, i.e., convex and con-

cave, depending on the orientation of the shuttlecocks to each other. The structural

suggestion in Fig. 4.7 (d) implies convex-type dimers in a SnPc BL. It has been

found that for such dimers the HOMO-LUMO gap is strongly reduced due to sig-

ni�cant π-π orbital overlap. Additionally, the redshifted components mainly stem

from HOMO to LUMO and HOMO to LUMO+1 transitions, whereas the peaks in

the Q-band region show strong contributions from the Sn atom, i.e., metal-to-ligand

charge transfers.

4.3.3 Stacked Bilayers

The initial growth of the second BL (3MLE) causes the low-energy transition band

to slightly shift to lower energies by 6meV and still some monomers are converted

into aggregates. Both e�ects can be clearly seen in the corresponding ∆ε′′ spec-

trum (cf. Fig. 4.9 (b) (green line)). This means that the absorption properties of

the �lm undergo only minor changes upon adsorption of the second BL. Bearing in

mind the strong change from monomers to dimers, orbital overlap must be consid-

erably smaller between the two BLs. This is compatible with PES studies on PbPc/
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graphite where the formation of extended bands has been excluded. [130]. Towards

completion of the second BL (4MLE) of SnPc, a more redshifted peak evolves, which

indicates the beginning growth of the next BL.

For higher �lm thicknesses, the low energy absorption band shifts even more to-

wards lower energies down to 1.37 eV for 12MLE. Since the spectral changes are

minor at such �lm thicknesses (cf. Fig. 4.9 (b) (black line)), the optical properties

from there on can be regarded as bulk-like (cf. Fig. 4.9 (d) (black line)). This spec-

tral appearance is already known from other shuttlecock-shaped phthalocyanines in

their triclinic crystal structures [147�150] with the di�erence that the low-energy

transition bands of the SnPc �lms on 1ML PTCDA/Ag(111) are much less broad-

ened. As reasoned in the literature, a strong redshift and narrowing of the low-energy

transition band is a consequence of coherently coupled transition dipole moments

of molecules in extended J-type arrangements. [126]. It is thus plausible that ef-

fects like �nite domain sizes, defects, and disorder limit the number of molecules

being coherently coupled, which in turn renders the peak width indicative for the

structural quality.

The in�uence of structural ordering on the optical properties of SnPc multilay-

ers �lms shall be demonstrated by replacing the PTCDA with a SnPc ML, i.e.,

a pure SnPc multilayer �lm on Ag(111). The SnPc ML in contact with Ag(111)

also serves as a decoupling layer for further SnPc molecules in terms of electronic

interaction. [51] Hence, monomer behavior is also observed for the �rst decoupled

ML. The optical signature of the multilayers, however, is broadened, less intense in

the near-infrared (NIR), and the low-energy transition band is less redshifted (cf.

Fig. 4.9 (c)) compared to the �lm where the PTCDA interlayer is used. Yet, the

optical absorption behavior is essentially that of a polycrystalline �lm on quartz

glass as shown in Fig. 4.9 (d). The di�erences in the optical properties of the multi-

layer �lms can be attributed to dissimilar structures: while the SnPc �lm on top of

the PTCDA ML yields sharp di�raction spots even for more than 10MLE of SnPc

(cf. Fig. A.4), it is the opposite for the pure SnPc �lm, i.e., no long-range order-

ing is observed for such �lm thicknesses. The latter is in agreement with previous

studies, where a mixture of dissimilar phase each having di�erent unit cell compo-

sitions and orientations have been observed already for the second ML of SnPc/

Ag(111) [108]. An e�ective broadening of the absorption spectrum of the pure SnPc

�lms is caused by (i) di�erent optical absorption properties of each phase and (ii)
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small quasi-one-dimensional aggregates due to a small number of molecules being

coherently coupled. In conclusion, an intense and narrow absorption band of SnPc

multilayers in the NIR can be achieved by strongly improved structural ordering

initiated by a PTCDA template layer.

4.4 Summary and Conclusion

The structural and optical properties of SnPc layer adsorbed on 1ML PTCDA/

Ag(111) have been comprehensively investigated. It was found that SnPc forms

either disordered phases in the case of dilute layers or three distinct commensurate

structures for coverages up to 1ML. Commensurate registries at organic-organic

heterointerfaces have been found very sporadically so far [35, 81, 115], therefore,

one can regard this system as a prime example for unusual epitaxial growth in

this respect. Upon adsorption of the second SnPc ML, the �rst ML is entirely

structurally rearranged. This is all the more remarkable since a super cell of the

SnPc BL is also commensurate to the PTCDA lattice. The SnPc BL mimics the

molecular arrangement within the (1 0 1̄) lattice plane of the SnPc triclinic bulk

structure, namely stacked SnPc molecules in a slipped cofacial geometry. Further

molecules on top also arrange BL-wise in similar structures. None of these phases

shows any sign of signi�cant electronic interaction with PTCDA or metal states of

Ag(111). Yet, the �rst SnPc ML features monomer behavior, indicating a rather

weak bonding environment. The SnPc BL is characterized by a strongly redshifted

low-energy absorption band compared to SnPc monomers. This can be ascribed

to dimer formation due to signi�cant π-π orbital overlap between the molecules in

adjacent layers. Further BLs on top, however, alter the optical absorption spectrum

only to a minor extent. In other words, the absorption spectrum of the BL already

closely resembles that of a multilayer �lm. It can be concluded that the latter

can be regarded as a stack of BLs: While each BL contributes more or less a dimer

signature, weak orbital overlap between adjacent BLs is responsible for an additional

redshift and narrowing of the low-energy transition band. The latter two e�ects

thereby have the character of transition dipole coupling of the molecules in a J-type

arrangement. It has been demonstrated that this e�ect is more pronounced the

higher the structural order is.

52



SnPc Films on a PTCDA Monolayer Template 4

It was found that the PTCDA layer has several functions in the studied system:

First, it prevents the SnPc molecules from directly electronically interacting with

the metal substrate and, second, it modi�es the surface potential landscape. The

modi�ed surface potential has lower symmetry than that of the pristine Ag(111)

surface. This ensures that the SnPc BL grows in only one structure without any

further rotational and mirror domains than those already encountered for PTCDA.

In fact, the SnPc BL serves as an ideal bu�er layer for the highly ordered growth of

multilayers. Even several nanometers thick �lms are highly ordered with a structure

rather similar to that of the bu�er layer. If the PTCDA layer is omitted, however, no

long-range ordering was observed. PTCDA thus serves as a commensurate template

layer for multilayer formation. This demonstrates the potential of organic-organic

heterointerfaces to gain in�uence on multilayer formation.
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5 Potassium Doping of PTCDA

Monolayer Domains on Ag(111)

Di�erent experimental and theoretical techniques are employed in this chapter in or-

der to characterize K-doped PTCDA monolayer domains on Ag(111). DRS, LEED,

and ST[H]M data were acquired and analyzed together with Christian Zwick, who

has used parts of the data for his master's thesis. PES measurements done in Jena

were performed by Felix Otto. NIXSW measurements were performed at the beam-

line I09 of Diamond Light Source (England) in close collaboration with Prof. Dr.

Christian Kumpf (Forschungszentrum Jülich), who headed the session, and Prof.

Dr. Benjamin Stadtmüller (University of Kaiserslautern). During the measurement

session, we were assisted by Dr. Sergey Subach, Markus Franke, Dr. Gerben van

Straaten (all from Forschungszentrum Jülich), Ina Krieger (University of Bonn),

and Norman Haag (University of Kaiserslautern). Density functional theory (DFT)

calculations and STM simulations were done by Dr. Anu Baby, Elisabeth Verwüster,

Dr. Oliver T. Hofmann (all from Graz University of Technology). They were as-

sisted by Dr. Guido Fratesi (University of Milano-Bicocca and University of Milan),

Prof. Dr. Gian Paolo Brivio (University of Milano-Bicocca), and Prof. Dr. Egbert

Zojer (Graz University of Technology) for the interpretation of the results. Parts of

the calculations and experimental data can be found in a joint publication [72]. The

DFT calculations and STM simulations discussed in this chapter are indispensable

for the understanding of the experimental data, however, these calculations were not

carried out by myself.
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5.1 Introduction

Controlled doping is the key for tailoring of electronic and optical properties of layers

in organic-based devices. Doping of inorganic semiconductors has been investigated

exhaustively. The experiences and know-how gained in these studies, however, can-

not be straightforwardly applied to organic material mainly because of the rather

di�erent electronic structure. Especially the tendency of band formation is much

less pronounced in organic compounds resulting in more strongly localized charge

carriers. Doping in this case can be thus understood more as charging of individual

molecules rather than band doping. Consequently, not only the electronic structure,

but also molecular packing motifs and morphologies may drastically change upon

doping.

Alkali metal doping of organic thin �lms has been extensively studied for the pro-

totypical molecule 3,4,9,10-perylene-tetracarboxylic-dianhydride (PTCDA), where

electronic [80, 151�161], optical [161, 162], vibrational [153, 154, 157, 163], and

structural properties [72, 80, 153, 155, 160] were characterized. These reports indi-

cate that electrons are injected into the LUMO of PTCDA due to charge transfer

complex formation. The determination of the speci�c doping ratios, however, seems

quite challenging. These values are often estimated from stoichiometric ratios be-

tween molecules and dopants on the basis of core level PES [154�157, 159] or by

using a quartz crystal microbalance [158]. The interpretation of such results requires

a precise knowledge about the structures formed because not every alkali metal atom

necessarily undergoes charge transfer with PTCDA. Some of them may form clus-

ters, others are indeed incorporated into the �lm, but occasionally charge transfer

may be hampered due to unfavorable adsorption sites. Gaining accurate structural

information, however, is often hindered by polycrystallinity, tiny domains, or even

the lack of any degree of structural ordering.

In this chapter, it shall be demonstrated that highly ordered layers of K-PTCDA

charge transfer complexes can be epitaxially grown on Ag(111) allowing for a com-

prehensive and consistent study of their structural, electronic, and optical properties.

The starting point of each experiment was a submonolayer (subML) of PTCDA

on Ag(111) with a coverage of 0.6 to 0.7ML. Potassium was subsequently de-

posited from a commercially available dispenser source (SAES Getters) while the

substrate was kept at room temperature (RT). The structures formed were studied
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using low-energy electron di�raction (LEED), scanning tunneling [hydrogen] mi-

croscopy (ST[H]M), and the normal incidence x-ray standing wave (NIXSW) tech-

nique. The electronic and optical properties were studied by means of photoelectron

spectroscopy (PES) and di�erential re�ectance spectroscopy (DRS), respectively.

5.2 Optical Properties

The impact of potassium doping on the optical properties of PTCDA shall be dis-

cussed �rst. For this purpose, DRS data (cf. Fig. A.5) were acquired during potas-

sium deposition onto a 0.7ML PTCDA/Ag(111) �lm. For a quantitative analysis of

the DRS signal in terms of the light-absorbing behavior of the �lm, the imaginary

part of the dielectric function ε′′ shall be determined initially. One prerequisite for

applying the numerical algorithm (cf. Subsec. 3.2.1) for the extraction of ε′′ from

DRS data is that the observed optical transition bands are entirely covered by the

measured spectral range. In fact, this cannot be achieved for this system owing by

the limitations of the spectral range accessible with our experimental setup. The

ε′′ spectra were therefore analytically extracted from the DRS data by using the

approximation given by Eq. 3.3. This is justi�ed because in the here considered

spectral range the optical functions of silver are such that |B| � |A| is satisfactorily
ful�lled, cf. Fig. 3.3. Further information about this approach and the prerequisites

for its applicability are given in Subsec. 3.2.1.

The ε′′ spectrum of the pristine 0.7ML PTCDA/Ag(111) �lm shown in Fig. 5.1 (a)

(black line) reveals a broad and featureless optical absorption. This behavior is in-

dicative of a strong bonding situation [51], which is often referred to as chemisorption

in the literature. The bonding of PTCDA on Ag(111) has been the subject of vari-

ous literature reports. [29, 51, 78, 154, 164�169] For instance, it has been concluded

from photoemission spectroscopy that the electronic structure of a ML of PTCDA

in contact with Ag(111) di�ers signi�cantly compared to that of PTCDA multi-

layers. This can be mainly attributed to a strong orbital overlap of the �at-lying

PTCDA molecules with orbitals of Ag(111). [78, 164, 169] The optical absorption

thus stems from transitions between states that are strongly a�ected by metal-

organic hybridization (cf. Newns-Anderson model [170, 171]).

With the beginning of potassium deposition, the situation clearly changes (cf.

red lines in Fig. 5.1 (a)). The broad absorption of the hybridized PTCDA par-
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Figure 5.1: ε′′ spectra of K-doped 0.7ML PTCDA/Ag(111) extracted from the DRS data
in Fig. A.5. Doping stages are indicated by characteristic optical absorption features ob-
served for pristine PTCDA and for continuous potassium deposition of (a) up to 5.5min,
and further (b) up to 11min. (c) ε′′ spectra of 1ML PTCDA/Au(111) [173] and PTCDA
mono- and dianions on mica [162] are shown for comparison. Slight spectral shifts can
be ascribed to di�erent polarizabilities of the substrate and/or two-dimensional aggregation
e�ects [174]. Since the DRS raw data are a�ected by spectral drift for photon energies
below 1.63 eV, the ε′′ spectra were cut at the low-energy side in order to prevent misinter-
pretations. Even slight drift can in�uence the ε′′ values considerably if Eq. 3.3 is employed,
because A(E) of Ag becomes very small at low E, cf. Fig. 3.3.
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tially disappears in favor of a distinct feature at 2.29 eV. This emerges up to a

potassium deposition time of 5.5min, which indicates the end of the �rst doping

stage (cf. thick red line in Fig. 5.1 (a)). The optical signature shall be discussed

under the aspects of broadening and the energetic peak positions. From the fact

that the spectra are less broadened compared to those of the pristine PTCDA �lm,

it can be concluded that the metal-organic hybridization is reduced. However, the

molecules are not entirely electronically decoupled as it is frequently the case on

inert and passivated substrates, where vibrationally resolved molecular features can

be observed. [47, 51, 136, 162, 172, 173] Remarkably, a rather similar �ngerprint

is provided by 1ML PTCDA/Au(111) [173], a system commonly described as elec-

tronically weakly interacting (physisorption) because no signi�cant charge transfer

across the metal-organic interface was found.[168] Although the spectra of the �rst

doping stage and PTCDA/Au(111) are rather comparable in terms of broadening as

well as the peak position, the origin of the peak can be indeed di�erent. Scenarios

are plausible were the molecules in the �rst doping stage are either neutral or doubly

negatively charged (dianions) (cf. blue line in Fig. 5.1 (c)). The occurrence of singly

negatively charged PTCDA (monoanions) can be ruled out since the corresponding

features are clearly absent (cf. dark red line in Fig. 5.1 (c)). The charging state of

PTCDA can only be elucidated with the help of complementary methods as shown

later in this chapter.

Up to a potassium deposition time of 11min, distinct peaks evolve in the ε′′ spec-

tra thereby giving rise to the second doping stage. Strikingly, the spectral features

are less broadened than for the �rst stage, which means that the molecules are even

better electronically decoupled from the substrate. The main spectral features are

at 2.31 and 2.47 eV, followed by a shoulder on the high-energy side. Smaller fea-

tures are observed at 1.81 and 2.00 eV. The spectral appearance is characteristic for

PTCDA dianions, which follows from a comparison with the reference spectrum in

Fig. 5.1 (c). The overall agreement is quite good, only the peak-height ratio of the

main features and spectral broadening slightly di�er compared to the reference spec-

trum. These e�ects can be ascribed to a stronger electronic interaction of PTCDA

with substrate states than it is the case on mica and, additionally, to the beginning

formation of the next higher doping stage (cf. Fig. 5.2 (a)).

Further doping stages can be observed for continuing potassium deposition. After

completion of the second doping stage, dianions features disappear in favor of a peak
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Figure 5.2: ε′′ spectra of K-doped 0.7ML PTCDA/Ag(111) for higher potassium concen-
trations. Doping stages are indicated by characteristic optical absorption features. The
PTCDA dianion behavior is observed for 11min potassium deposition in (a). Higher
charging states are observed for (a) 16.5 and (b) 22.5min, where the spectra are indica-
tive of the formation of tri- and tetraanions. (c) ε′′ spectra of PTCDA tri- and tetraanions
on mica [162] are shown for comparison. Slight spectral shifts can be ascribed to di�erent
polarizabilities of the substrate and/or two-dimensional aggregation e�ects [174]. Since
the DRS raw data are a�ected by spectral drift for photon energies below 1.63 eV, the ε′′

spectra were cut at the low-energy side in order to prevent misinterpretations. Even slight
drift can in�uence the ε′′ values considerably if Eq. 3.3 is employed, because A(E) of Ag
becomes very small at low E, cf. Fig. 3.3.
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emerging at 2.47 eV and a shoulder at 2.63 eV for a potassium deposition time of up

to 16.5min (cf. thick green line in Fig. 5.2 (a)). For even higher potassium con-

centrations, a feature and a shoulder occur at around 2.75 and 2.47 eV, respectively.

Additionally, a series of peaks is visible for photon energies around 1.85 eV. The

spectra corresponding to 16.5 and 22min deposition time have distinct similarities

to the spectra of triply and quadruply negatively charged PTCDA, respectively, as

shown in Fig. 5.2 (c). DRS indicates that these stages are metastable since they

degenerate on the time scale of minutes after stopping the potassium deposition (not

shown).

So far, it has been shown that electronic interaction across the metal-organic

interface as well as the charging states of the molecules are functions of the amount

of potassium deposited. Distinct doping stages are clearly discernible, where each

has a characteristic �ngerprint in the optical absorption. Further structural and

electronic investigations within this chapter refer to this de�nition of doping stages.

Since the optical spectra of the �rst doping stage cannot unequivocally be interpreted

in terms of the charging state of PTCDA, additional information shall be gained from

photoelectron spectroscopy.

5.3 Electronic Properties

5.3.1 Valence Band Spectra and Work Functions

Valence band (VB) spectra of K-doped 0.7ML PTCDA/Ag(111) are shown in

Fig. 5.3. Potassium was deposited until accomplishing the �rst and second dop-

ing stages referring to the DRS measurement in Fig. 5.1. The VB spectra of the

pristine PTCDA subML are additionally given in the graph.

For the pristine PTCDA subML, a peak at the binding energy of EB = 1.55 eV

and a feature cut by the Fermi level show up. These features can be assigned to the

HOMO and the former LUMO (F-LUMO) of PTCDA, respectively. The F-LUMO

is partially �lled due to a charge transfer across the metal-organic interface. [164,

175, 176] It has been shown that such a signature is indicative of a rather strong

bonding situation (chemisorption). [104, 125, 164, 168]

In the �rst doping stage, the HOMO and F-LUMO peaks of PTCDA are both

shifted to lower binding energies of 0.69 and 1.96 eV, respectively, giving rise to
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Figure 5.3: VB spectra of K-doped 0.7ML PTCDA/Ag(111) for the �rst (red lines) and
second (blue lines) doping stage. All spectra were acquired in normal emission geome-
try using He-Iα (hν = 21.22 eV) excitation. The VB spectrum of the pristine PTCDA/
Ag(111) �lm is given for comparison (black lines). The secondary electron cut-o� spectra
are shown in (a); the region around the Fermi level is shown in (b). The peaks observed
in (b) are assigned to HOMO and F-LUMO of PTCDA.

a complete �lling of the F-LUMO. The energetic separation between HOMO and

F-LUMO is 1.27 eV, i.e., almost unchanged as compared to the pristine PTCDA

on Ag(111). [168] Remarkably, the shift of the VB features towards higher binding

energies is in accordance with the work function decrease of 0.6 eV.

In the second doping stage, the HOMO and F-LUMO peaks further shift to bind-

ing energies of 0.93 and 2.26 eV, respectively. The energetic di�erence between the

HOMO and F-LUMO position is slightly larger than in the �rst doping stage. The

VB features are shifted to higher binding energies, however, no additional orbitals

become �lled. The work function decrease of 0.5 eV relative to the �rst doping stage

is larger than the shift of the HOMO and F-LUMO peaks, which can be plausibly

explained by the noticeable amount of excess potassium as revealed by means of

core level PES in the next subsection.

A fully occupied LUMO of PTCDA in the �rst and the second doping stages indi-

cates PTCDA dianion formation in both cases. This is interesting since the amount

of potassium deposited for the second doping stage is signi�cantly higher than for

the �rst doping stage. It is thus worthwhile to analyze the chemical composition of

these two doping stages by means of core level photoelectron spectroscopy.
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5.3.2 Core Level Spectra

Peak-�t Analysis

Core level spectra were recorded from all chemical species that are present in the

�lms of pristine 0.7ML PTCDA/Ag(111) as well as of the �rst and second doping

stages. The peak �tting models, which enable for a quantitative analysis of these

spectra, shall be discussed in the following.

The C 1s PE spectrum of the pristine PTCDA �lm is shown in Fig. 5.4 (a).

By using high-resolution core level PE spectra of PTCDA multilayer �lms (with

more than 10ML) on Ag(111) [177], the presence of four chemically di�erent car-

bon species were identi�ed, which are closely related to the molecular structure of

PTCDA: the carbon atoms of the functional groups that bond to carbon and oxy-

gen atoms (C1, also referred to as Cfunct), the connecting carbon atoms between the

functional groups and the carbon atoms of the perylene core (C2), the carbon atoms

that are bonded to three other carbon atoms (C3), and the carbon atoms with one

bond to a hydrogen atom and two bonds to carbon atoms (C4). For stoichiometric

reasons, the PE yields Y of these components follow the ratios:

Y (C1) : Y (C2) : Y (C3) : Y (C4) = 4 : 4 : 8 : 8 . (5.1)

The binding energies of the main peaks C2m, C3m, and C4m do not di�er much

thereby forming the asymmetric shape of the main emission line of the perylene

core (Cperyl = C2m + C3m + C4m) in Fig. 5.4 (a). In contrast, the main peak of the

functional carbon atoms C1m appears at a signi�cantly higher binding energy and is

therefore well separated from the perylene core main emission line. This can be ex-

plained by the presence of the highly electronegative oxygen atoms, which withdraw

electrons from the perylene core via the functional carbon atoms thereby giving rise

to a relatively large chemical shift to C1m, whereas the Cperyl underlying peaks are

less a�ected. The chemical shift of C1m, however, is noticeably smaller than that

observed in PTCDA multilayers. [177] This can be readily explained by the strong

electronic interaction of the oxygen atoms of PTCDA with the Ag(111) surface as

well as the di�erent intermolecular interaction in the subML, both together are

responsible for a di�erent chemical environment for the functional carbon atoms.

Besides the main peaks, also satellites were taken into account, namely C1s, C5s,
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are shown as solid lines. The thick black lines represent the best �ts to the data.
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and C6s. While the �rst originates from C1m, the latter two most likely have con-

tributions from Cperyl and C1m. The satellite C234s accompanying the main peaks

C2m, C3m, and C4m is known to occur, however, this cannot be evidenced here,

because it coincides with C1m and appears usually with relatively low PE intensity.

[80, 177] The peak areas of C2m, C3m, and C4m were constrained in the �tting

model according to Eq. 5.1. Remarkably, the PE yields of each chemical component

(main peak + satellite) distinguished by the �tting model re�ect the stoichiometry

of PTCDA quite well. The O 1s spectrum is shown in Fig. 5.4 (b). This consists of

two chemically inequivalent oxygen species, O1 and O2, originating from the car-

boxylic and anhydride oxygen atoms, respectively. The corresponding main peaks

O1m and O2m are each accompanied by a shake-up satellite, i.e., a four-peak model

is applied. The stoichiometric ratio of 1:2 between the carboxylic and anhydride

oxygen atoms is correctly re�ected if not only the main peaks, but also their satel-

lites are considered in the balance of the PE yields, which is [Y (O2m) + Y (O2s))]:

[Y (O1m) + Y (O1s)] = 0.48. The FWHMs and positions of the peaks were not

constrained for �tting the O 1s spectrum.

The C 1s �tting model of the pristine PTCDA �lm has been transferred to the

respective PE spectrum of the �rst doping stage shown in Fig. 5.4 (c). In addition

to the C 1s signature, K 2p emission lines of the deposited potassium additionally

show up in the high-binding energy region. The main di�erences in the C 1s signal

compared to the undoped �lm are the satellite features C1s appearing with higher

intensity, C5s is weaker, and C6s is not readily visible because of the intense potas-

sium features. Further, all peaks slightly shift towards higher binding energies (e.g.,

C4m shifts by 0.49 eV). The potassium signature comprises two spin-orbit split peaks

(K1m3/2 and K1m1/2), which are energetically separated by 2.74 eV. [178] The ratio of

their areas has been constrained to 1:2 for the �t of the spectrum, which follows

from the degeneracy of the respective initial states. As both peaks originate from

the same species, the degree of broadening is expected to be identical. The O 1s

signature in Fig. 5.4 (d) is also rather comparable to that of the undoped �lm (cf.

Fig. 5.4 (b)). Basically, O1m and O2m slightly shift towards higher binding energies

by 0.45 and 0.58 eV, respectively. These values nicely agree with the C 1s chemical

shift in the �rst doping stage with respect to the undoped PTCDA �lm. Further,

the O 1s satellites are less pronounced, i.e., more PE intensity is transferred into the

respective main peaks O1m and O2m compared to the pristine PTCDA �lm.
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For the second doping stage, it can be seen that the main carbon peaks C2m, C3m,

and C4m slightly shift towards higher binding energies (e.g., C4m shifts by 0.37 eV)

with respect to the �rst doping stage. The most noticeable di�erence, however, is

observed for C1m, which shifts by 1.40 eV to a value which is similar to that observed

for PTCDA multilayer �lms on Ag(111) [177]. The peak labeled with C234s mainly

stems from satellites of C2m, C3m, and C4m. Signi�cant di�erences between the

�rst and second doping stages can also be observed for the K 2p signature. Not

only the signal intensity increases, but asymmetric emission lines appear at 293.6

and 296.4 eV. These are indicative of two K 2p doublets [179], shifted in binding

energy by 0.77 eV. The energetic separation of the two spin-orbit split peaks of

each doublet was constrained for the �t to 2.74 eV. These �ndings indicate two

inequivalent potassium species, namely potassium incorporated into the PTCDA

�lm (K1m3/2 and K1m1/2) and excess potassium (K2m1/2 and K2m3/2). The higher binding

energy of the excess potassium indicates stronger oxidization, which suggests that

this species directly adsorbed on the Ag(111) surface. This is further corroborated

by the almost identical K 2p doublet revealed for potassium deposited onto a clean

Ag(111) substrate (cf. Fig. A.7). Also the O 1s signature is strongly a�ected by the

higher potassium concentration as shown in Fig. 5.4 (f). O2m appears shifted by

approximately =1.8 eV compared to the �rst doping stage, whereas the carboxylic

oxygen peak O1m is a�ected to a minor extent only. It can be stated that the

chemical environment of the anhydride oxygen atoms must be entirely di�erent

between the �rst and second doping stages. In fact, this can be realized by the

structure model that will be developed in Sec. 5.4.1, which reveals that one and two

potassium atoms are nearby each anhydride oxygen atom in the �rst and second

doping stages (cf. Fig. 5.5). The shoulder at 534.1 eV in Fig. 5.4 (d) is accounted for

by a single satellite peak O12s possibly having contributions from both main peaks

O1m and O2m. The very small intensity of the satellite means a strongly reduced

inelastic scattering of O 1s photoelectrons in the �lm. This might be explained by

a lower bonding strength of the oxygen atoms to Ag(111), i.e., a reduced metal-

organic hybridization of PTCDA in the second doping stage as already indicated by

the DRS results in Sec. 5.2.

The azimuthal angle dependence of the PE intensities of the C 1s, K 2p, and

O 1s signatures were measured for the �rst and second doping stages. From this

information, the morphology can be inferred to a certain extent: [180] Since no
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signi�cant di�erences between 70◦ (cf. Fig. 5.4) and 0◦ (cf. Fig. A.8) are observed,

it is likely that potassium (K1m3/2 and K1m1/2) is situated in between rather than

underneath the molecules.

Estimation of Stoichiometry

The stoichiometric ratio x between potassium and PTCDA can be estimated from

the ratio of PE yields of potassium and carbon emission lines. PE yields do not only

depend on atomic concentrations, but also on photoionization cross sections, the

mean electron escape depth, the analyzer transmission, and photoelectron attenua-

tion lengths of the layer. [180] All these parameters depend on the kinetic energy of

the photoelectrons. However, these complex dependencies are canceled in the ratio

of PE yields here since the photoelectrons emitted from C 1s and K 2p core levels

have rather similar kinetic energies. The ratio of atomic concentrations between

potassium c (K 2p) and carbon c (C 1s) can thus be approximated by:

c (K 2p)

c (C 1s)
=
Y (K 2p)

Y (C 1s)
· σ (C 1s)

σ (K 2p)
, (5.2)

with the PE yield Y and the photoionization cross section σ of the respective species.

PE yields are given by the peak areas, which are an outcome of the peak-�t analysis

in Fig. 5.4 (c) and (e). Accordingly, Y (C 1s) and Y (K 2p) refer to the total areas

of all C 1s peaks and the area of the doublet that stems from potassium bonded to

PTCDA (K1m3/2 and K1m1/2), respectively. The amount of excess potassium can be

estimated by instead using the other doublet (K2m3/2 and K2m1/2). The photoioniza-

tion cross sections, which are listed in Tab. 5.2, were calculated using the formula

given in Ref. [181]. The stoichiometric ratio x can easily be derived from Eq. 5.2

Table 5.2: Calculated ratio of the photoionization cross sections of carbon C1s and potas-
sium K2p according to Ref. [181] for the two photon energies used for the measurements
in Fig. 5.4 and Fig. 5.7.

photon energy (eV)
σ (C 1s):σ (K 2p) σ (C 1s):σ (K 2p)

[neutral K] [K+]

1486 0.249 0.252
2632 0.281 0.279
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multiplied by the overall number of carbon atoms of a PTCDA molecule, i.e., 24.

Since the photoionization cross sections for neutral potassium (K) and singly ion-

ized potassium (K+) are almost identical (within 1%) for the here considered photon

energies, information about the respective charging state of potassium is not neces-

sarily required for the estimation of stoichiometries.

The stoichiometries were estimated to 2.5 and 4.6 potassium atoms bound to

PTCDA for the �rst and second doping stage, respectively. There is little excess

potassium in the �rst doping stage, however, in the second doping stage excess

potassium occurs signi�cantly with 3.1 potassium atoms per PTCDA molecule. If

the two di�erent potassium species had not been distinguished in the PE spectra

by means of peak �tting, the overall signal intensity of K 2p could easily have been

misinterpreted in terms of the stoichiometry of charge transfer complexes formed.

The results indicate K2PTCDA in the �rst doping stage, however, in the second

doping stage, it is not clear whether K4PTCDA or K5PTCDA complexes are formed.

Detailed structural characterization of the charge transfer complexes shall therefore

be performed in the following.

5.4 Structural Characterization

5.4.1 Lateral Structures

First Doping Stage: K2PTCDA

The starting point of the structural investigation was a 0.7ML PTCDA/Ag(111)

�lm showing the well-known commensurate herringbone structure [22, 29, 167, 176]

with two molecules in the unit cell (cf. Fig. 5.5 (a)). Potassium was deposited until

accomplishing the �rst doping stage referring to the DRS measurement in Fig. 5.1.

The structure of the pristine PTCDA/Ag(111) is thereby converted into another

highly ordered phase as indicated by the LEED images in Fig. 5.5 (a) and (b). The

structural parameters of the �rst doping stage were accurately determined through

lattice �ts to the LEED image in Fig. 5.5 (b) using the LEEDLab software [66]. All

spots can be well described by considering a unit cell with the vectors a1 and a2

being 8.92 and 16.05Å in length, respectively, and a unit cell angle Γ of 108.60◦.

The corresponding epitaxy matrix reveals a point-on-line (POL) coincidence (cf.

69



5.4 Structural Characterization

E = 32.5 eV E = 28.5 eV E = 37.5 eV

(a) (b) (c)

V  = -0.05 VT

I  = 200 pAT

STHM

V 1 3T = + .  V
I 3T = 0 pA

STM

1 nm
V  = -0.6 VT

I  = 100 pAT

STM

1 nm

V  = +1.2 VT

I  = 30 pAT

STM

G

c1

c2

G

c1

c2

G

c1

c2

VT = +0.6 V
I 3T = 0 pA

STM

V  = -0.01 VT

const. height

STHM

1 nm

Figure 5.5: LEED and STM data of 0.7ML PTCDA/Ag(111). Starting from the pris-
tine PTCDA layer in (a), potassium doping results in distinct KxPTCDA complexes with
x being 2 and 4 in (b) and (c), respectively. The LEED patterns (primary electron energy
E is indicated in each panel) are fully describable by the epitaxy matrices given in Tab. 5.3
and symmetry equivalents. The corresponding LEED simulations (�lled dots) and recip-
rocal unit cells are superimposed to segments of the images. No spots remain unidenti�ed
by taking multiple scattering e�ects (open circles) into account. Additionally, primitive
reciprocal unit cells of Ag(111) are indicated by the yellow lines. STM and STHM images
were stitched together to illustrate the di�erent contrasts achievable by di�erent tunneling
conditions (tunneling bias VT and current IT ). The suggested structure models (molecular
silhouette of PTCDA in white and potassium atoms in purple) are superimposed to the
ST[H]M images.

Sec. 3.1) with respect to the substrate lattice. This is corroborated by the one-

dimensional Moiré pattern visible in the large scale STM image in Fig. A.6 (a). The

domains are rather large and exhibit a low defect density.
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When trying to analyze the unit cell composition, only somewhat blurred features

can be found in STM images (cf. Fig. 5.5 (b)), which is not an unusual behavior for

molecules in contact with a metal surface. [182�184] These STM images are there-

fore inappropriate for determining potassium adsorption sites. However, knowledge

about these is indispensable for a comprehensive understanding of the DRS and the

PES data. To tackle this issue, the STHM technique has been adapted (cf. Sub-

sec. 3.3.2), which goes well beyond conventional STM since the lateral resolution

can be strongly enhanced yielding a contrast which is reminiscent of the skeletal

formula of the molecules. [69, 70] This is achieved by condensing elementary hydro-

gen within the tunneling junction. The tunneling characteristics are thereby altered

when the tip is operated at distances where Pauli repulsive forces dominate. In turn,

by setting more moderate tunneling parameters, one can switch back to a contrast

of conventional STM. This has been done for two separate measurements shown in

Fig. 5.5 (b). While the upper part clearly shows the contrast of conventional STM,

the lower part allows for resolving individual molecules as well as potassium atoms

owing to the strongly increased resolution provided by STHM. It can be seen that

the unit cell consists of one molecule and two potassium atoms which are situated at

opposite ends of PTCDA. This structure corroborates the known tendency of alkali

metal atoms to bond to the functional groups of PTCDA.[160, 163] Remarkably, the

here observed structural appearance as well as bonding distances are both rather

similar to those calculated for free-standing K2PTCDA complexes. [163] Strikingly,

the potassium is incorporated into the �lm, i.e., a mixed monolayer phase together

with the PTCDA molecules. The situation is clearly di�erent from a similar doping

experiment where Ag(110) instead of Ag(111) was used as substrate. [185] The �lms

there were also prepared by potassium deposition onto a predeposited PTCDA �lm,

however, highly ordered structures were only obtained by post-growth annealing.

The potassium was then observed to be incorporated into the less densely packed

upper substrate layer giving rise to a missing-row surface reconstruction. Since

the �lms investigated here were neither annealed nor do they show any indication

of a Ag(111) surface reconstruction, it is rather unlikely that further potassium is

situated underneath the PTCDA molecules.

The found unit cell parameters and composition of the K2PTCDA phase were

used as a starting point for structural optimizations by means of density functional

theory (DFT) calculations. [72] The optimized geometry closely resembles the ex-
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Table 5.3: Structural parameters of KxPTCDA complexes on Ag(111) for x = 0, 2, 4. a1,
a2: lattice vectors; Γ: unit cell angle between a1 and a2; θ: domain angle between a1 and a
primitive substrate lattice vector, and APTCDA: area of the unit cell divided by the number
of molecules in the unit cell. Uncertainties given in parentheses represent the standard
deviation of the numerical lattice �ts. The Ag(111) primitive lattice vectors enclose an
angle of 120◦.

x |a1| |a2| Γ θ epitaxy matrix C APTCDA

(Å) (Å) (◦) (◦) (nm2)

0 12.59(1) 18.95(2) 90.99(5) 36.60(4)
(

5.00(1) 3.00(1)
−1.00(1) −6.00(1)

)
119.3(2)

2 8.92(1) 16.05(2) 108.60(9) 2.63(8)
(

3.16(1) 0.16(1)
0.98(1) 5.98(1)

)
135.7(4)

4 9.57(1) 16.77(2) 91.66(1) 51.68(6)
(

3.55(1) 3.00(1)
−2.65(1) −4.00(1)

)
160.4(4)

perimentally found situation, which con�rms that the assignment of features in

the STHM image is correct. The DFT calculations additionally provide insight

into the energetic balance of layer formation. It was found that the binding en-

ergy per molecule for the K2PTCDA phase (11.61 eV) is signi�cantly larger than

for the former PTCDA herringbone structure (4.01 eV per molecule) and also for

single K atoms (2.49 eV) on the silver surface. It was concluded that the formation

of K2PTCDA is energetically favored with an energy gain of 2.62 eV per molecule

upon potassium doping. This indicates a rather strong bonding situation between

PTCDA and potassium. This is most likely responsible for the here observed struc-

tural transition from the pristine PTCDA layer to the K2PTCDA phase, which

occurs fully self-organized and spontaneously a�ects whole domains even without

annealing.

Second Doping Stage: K4PTCDA

By further potassium deposition until accomplishing the second doping stage re-

ferring to the DRS measurement in Fig. 5.1, a phase transition to another highly

ordered structure evidenced by LEED, which occurs on the time scale of several

minutes via an intermediate disordered phase. The analysis of the LEED image in

Fig. 5.5 (c) reveals that, in comparison to the K2PTCDA phase, the unit cell vec-

tors a1 and a2 further increase in length to 9.57 and 16.77Å, respectively, and the

unit cell angle decreases to 91.66◦. The epitaxy matrix indicates a POL coincidence

(cf. Sec. 3.1) with respect to the substrate lattice. The structural parameters are
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compiled in Tab. 5.3. Remarkably, the structural ordering does not reach the same

quality as in the �rst doping stage, which is indicated by a lower contrast of the

LEED spots as well as a noticeable number of clusters (cf. Fig. A.6 (b)). In the STM

image shown in Fig. 5.5 (c), the molecules are again characterized by intense features

nearby their functional groups as similarly observed for the K2PTCDA phase. Ad-

ditionally, bright features can be observed in between the molecules. All features in

the STM image again appear somewhat blurred making de�nitive statements about

the stoichiometry impossible; the advantages of STHM shall thus be used to tackle

this issue. An STHM image of the second doping stage is shown in the lower part of

Fig. 5.5 (c). This image does not only feature PTCDA with submolecular resolution,

it also contains sharp features showing up in between the molecules. Identifying the

stoichiometry is not as trivial as it may appear. If each of the sharp features within

the unit cell were assigned to a potassium atom, K5PTCDA complexes would have

to be concluded. This suggested structure has been checked by means of DFT cal-

culations where hypothetical KxPTCDA complexes on Ag(111) with x=3, 4 and 5

were structurally optimized using the here found unit cell parameters as a starting

point. [72] The calculations reveal that for K3PTCDA and K5PTCDA either some

of the potassium moves underneath the molecules giving rise to tilted molecules on

the surface or the symmetry clearly disagrees with the observations made by STHM.

Only K4PTCDA complexes, whose structure model is superimposed to the STHM

image in Fig. 5.5 (c), closely resemble the experimentally found situation: Four

of the sharp features within the unit cell nicely agree with adsorption sites of the

potassium atoms. However, the �fth feature in the center of the unit cell is where

actually no potassium is situated according to the DFT calculations. This feature

is even more pronounced in the corresponding STM image (cf. Fig. 5.5 (c)). In

order to address this issue, STM images were simulated on the basis of the Terso�-

Hamann approach [186] in Ref. [72]. Since the simulated STM image of K4PTCDA

complexes yields perfect agreement with the experimentally obtained STM image, a

deeper insight into the origin of the bright feature in between the PTCDA molecules

can be gained. This feature was identi�ed to stem from the LUMO of K4+
4 clusters

(cf. white dashed circle in the STHM image Fig. 5.5 (c)), which are formed by four

potassium atoms accompanied by a charge transfer of one electron per potassium

atom to PTCDA and Ag(111). Strikingly, the LUMO of such a cluster has its high-

est density of states right in middle of the four potassium atoms and is energetically
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broadened due to interface hybridization with Ag(111) making this feature visible

over a wide bias range in STM. The existence of this feature in STHM can be as-

cribed to the imaging parameters used: the contrast achieved in this STHM image

is, in fact, not purely topographic, but has also electronic character to a certain

extent. This brings us to the conclusion that this feature in the STHM image stems

from the K4+
4 LUMO. Since this feature is signi�cantly weaker and much less broad-

ened compared to its appearance in the STM image, it can easily be misinterpreted

as a �fth potassium atom. The correct stoichiometry, namely K4PTCDA, can thus

be only revealed by means of a combined analysis on the basis of LEED, ST[H]M,

and DFT calculations.

Higher Doping Stages: Kx>4PTCDA

Upon further potassium deposition, the formation of another highly ordered struc-

ture is indicated by LEED. However, this degrades on the time scale of minutes

to hours by recovering the K4PTCDA phase which, therefore, yields the highest

doping ratio achievable in a long-term stable, highly ordered structure. Further

investigations of higher doping stages are therefore not feasible.

5.4.2 Adsorption Heights

The structural investigation in the last section reveals that potassium atoms are

laterally incorporated into the PTCDA �lms. They are situated in between the

�at-lying PTCDA molecules and prefer the direct environment of the carboxylic

oxygen atoms. It is thus likely that they play an important role for binding mech-

anisms, at least where the functional groups of PTCDA are involved. For instance,

the pristine PTCDA/Ag(111) is commonly known for strong molecule-substrate in-

teractions, even strong enough to pull the entire molecule towards the substrate

to an adsorption height below the sum of van-der-Waals radii, i.e., clearly in the

covalent bonding regime. [29, 51, 154, 164�169] The carboxylic oxygen atoms are

even more a�ected than the perylene core, giving rise to a signi�cant bending of

the molecules. [78, 169] Two bonding channels can thus be distinguished [80, 187]:

�rst, between the delocalized π-orbital system and Ag(111) and, second, between

the carboxylic oxygen atoms and Ag(111). Both bonding channels are characterized

by signi�cant charge transfer in addition to van derWaals interaction. If bonding
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channels are modi�ed due to the presence of potassium atoms, it would be clearly

visible by adsorption height realignments of the di�erent chemical components. [80,

187] Adsorption heights were measured by means of the NIXSW technique (cf. Sub-

sec. 3.3.3) in the beamtime in January 2015.

Sample Preparation

The starting point was a 0.6ML PTCDA/Ag(111) �lm, whose coverage was esti-

mated from a comparison of the integrated PE yields of the C 1s emission lines with

those of an annealed PTCDA ML on Ag(111). Since DRS was not available at the

beamline end station, the doping process had to be monitored by means of LEED.

For this purpose, potassium was deposited in steps, each followed by a separate

LEED measurement, until sharp LEED spots of the K2PTCDA phase occurred and

the spots of the PTCDA herringbone phase disappeared (cf. Fig. 5.6 (a)). The

signature of the pristine PTCDA is, in fact, also absent in the VB spectrum shown

in Fig. 5.6 (b), i.e., no feature is cut by the Fermi level. The two main features at

0.86 and 2.14 eV can be indeed assigned to the F-LUMO and the HOMO of K-doped

PTCDA, respectively, however, the peak positions cannot be clearly identi�ed with

one of the reference spectra of pure K2PTCDA and K4PTCDA phases (cf. �rst

and second doping stage in Fig. 5.3). The F-LUMO and HOMO peak positions are

determined in between those of the K2PTCDA and the K4PTCDA phases. This can

be most likely explained by the coexistence of both phases on the sample. This is

surprising since the LEED image is indicative of only K2PTCDA. The absence of the

K4PTCDA LEED pattern, however, does not provide evidence that no K4PTCDA

complexes are on the sample; this only means that they are not highly ordered in

this case. A possible coexistence of K2PTCDA and K4PTCDA must be born in

mind when developing the �tting model for NIXSW data. A sample showing the

LEED pattern of K4PTCDA could not be successfully prepared at the beamline.

Development of the Fitting Model

High-statistics (HS) C 1s, K 2p and O 1s core level PE spectra (cf. Fig. 5.7) were

recorded for the K-doped PTCDA �lm at room temperature. The same setup and

settings were used as later for the XSW-PE spectra, but under o�-Bragg conditions

(photon energy hν = EBragg− 2.6 eV). This means that di�erent adsorption heights
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Figure 5.6: (a) LEED image, (b) VB spectrum of the sample used for NIXSW investi-
gations, and (c) reference spectra of pure K2PTCDA and K4PTCDA phases (cf. �st and
second doping stage in Fig. 5.3). The LEED image in (a) clearly shows the pattern of
K2PTCDA (cf. Fig. 5.5). The VB spectrum in (b) is shown angle-integrated in the range
of ±22◦ and was measured using He-Iβ (hν = 23.09 eV) excitation.

of the PE emitters have no in�uence on the core level spectra since no standing �eld

builds up.

The �tting model, which was developed for the PE spectra of the K2PTCDA

phase (�rst doping stage in Fig. 5.4 (c) and (d)), was transferred to the HE-PE

spectra, �xing relative peak positions with respect to C3m, maintaining area ratios,

and optimizing the FWHM of the peaks. However, the HE-PE spectra cannot

be reproduced with su�cient accuracy since signi�cant deviations remain in the

spectral regions of C1m, O1m, O2m, and their satellite structures. A much bet-

ter �t, in fact, can be achieved by considering the coexistence of K2PTCDA and

K4PTCDA complexes by a linear combination of the reference PE spectra (cf. �rst

and second doping stages in Fig. 5.4 (c)-(f)) suggesting a stoichiometric ratio be-

tween K2PTCDA and K4PTCDA of roughly 3:2. A precise estimation of this value

is impossible since the PE spectra were acquired with di�erent experimental setups

under di�erent conditions. The number of potassium atoms per PTCDA molecule

has been estimated in the same way as in Sec. 5.3.2. Accordingly, potassium bound

to PTCDA and excess potassium amount to 2.3 and 0.7 atoms per molecule, re-

spectively. These values indicate that, in fact, the amount of potassium needed

for K2PTCDA formation has been exceeded, yet it was also insu�cient to form a

pure K4PTCDA phase on the sample, which further justi�es the consideration of
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Figure 5.7: (a) C 1s, K 2p and (b) O 1s high-statistics (HS) spectra of the K-doped
PTCDA �lm, which were used for NIXSW investigations. All spectra were acquired at
an emission angle close to 90◦ with respect to surface normal using an excitation energy
of 2632 eV (o�-Bragg) and a pass energy of 100 eV. The spectra were not calibrated for
binding energy. Measured data points are given as circles. The PE backgrounds of C 1s
and K 2p have been described by the Shirley function, whereas a linear background has been
used for O 1s. Peaks are shown as solid lines. The thick black lines represent the best �ts
to the data.

the coexistence of both phases. The stoichiometric ratio between K2PTCDA and

K4PTCDA cannot be independently inferred from these values, since no signi�cant

chemical shift occurs between the K 2p signatures of the two di�erent charge transfer

complexes.

The coexistence of K2PTCDA and K4PTCDA complexes must be taken into

account for the determination of the adsorption heights. The �tting model of the

�rst doping stage has thus been modi�ed: The contribution of C1m of K4PTCDA

is accounted for by the peak labeled as C1s in Fig. 5.7, which consequently has

more intensity than the C1s peak of a pure K2PTCDA phase. A new peak O3m+s

is introduced for �tting the O 1s spectrum in order to describe the contributions

from O2m of K4PTCDA together with contributions from O1s of K2PTCDA. We

refrain from using a more comprehensive peak decomposition and more constraints

since the stoichiometric ratio between K2PTCDA and K4PTCDA remains somewhat

uncertain. The derived �tting model for the HS-PE spectra was transferred to the

XSW-PE spectra, which have a much lower signal-to-noise ratio. Relating area ratios

and �xing relative peak positions to the values determined from the peak-�t of the

HS-PE data are necessary to make the �tting procedure more reliable, however,
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Table 5.4: Peak parameters and constraints of the core level �tting model of the C 1s,
K 2p and O 1s signatures of K-doped PTCDA/Ag(111). EB: Binding energy; FWHM :
peak width; and relative peak areas with respect to the integrated PE yield of each element.
Constraints are indicated by mathematical operations on components (A,B,C,...).

peak EB FWHM area origin
(eV) (eV) (%)

A C3m 286.47 0.89 28.7
CperylB C4m A + 0.42 1.49 A · 1.0

C C2m 287.46 1.83 A · 0.5
D C1m 289.55 1.05 7.5

}
CfunctE C1s D + 1.18 1.21 8.6

F C5s 292.85 3.10 12.2 C Sat

G K1m3/2 A + 9.02 1.26 51.5
}
KPTCDAH K1m1/2 G+2.74 G · 1.0 G · 0.5

I K2m3/2 A + 10.07 1.32 15.1
}
KexcessJ K2m1/2 I+2.74 I · 1.0 I · 0.5

K O1m 533.26 1.09 46.4 Ocarbox

L O3m+s 533.75 1.56 23.1 Ocarbox + Oanhyd

M O2m 535.82 1.30 24.2
}
OanhydN O2s M + 1.37 1.62 M · 0.26

components with related peak areas cannot be analyzed independently in terms of

their adsorption heights. For instance, the areas of the main carbon peaks of the

perylene core (C2m, C3m, and C4m) are related to each other according to Eq. 5.1,

a possible bending of the perylene core cannot be revealed directly since the partial

yield curves are all the same by the design of the �tting model. This approach,

however, is feasible since the perylene core is rather rigid and the coherent fraction

is fairly high as shown later. Important parameters and constraints are compiled in

Tab. 5.4.

Vertical Adsorption Geometry

Partial yield curves for all relevant chemical species that are present in the �lm were

extracted from four NIXSW scans recorded at di�erent sample positions. Typical

partial yield curves are shown as data points in Fig. 5.8. The solid lines in the graphs
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Figure 5.8: Partial yield curves obtained for a single NIXSW scan together with the
re�ectivity curves of the substrate. Measured data points are given as circles. The solid
lines represent the best �ts to XSW theory yielding coherent fractions FH and coherent
positions PH . The error bars were calculated on the basis of the Monte-Carlo-Simulation
implemented in CasaXPS.

represent the best �ts to XSW theory from which coherent fractions FH and coherent

positions PH were obtained. All results are compiled in the Argand diagram in

Fig. 5.9 (a), where FH and PH are represented by the polar angle (0 . . . 2π) and

the vector length (0 . . . 1), respectively. The values averaged over all NIXSW scans

are given by open circle for each chemical species. The adsorption heights were

calculated according to Eq. 3.12. The averaged coherent parameters and adsorption

heights are listed in Tab. 5.5 along with the respective statistical errors.

Small systematic errors might have been introduced by the design of the �tting

model, e.g., by incomplete peak decompositions. Quantifying those errors is in

general rather di�cult. In order to prevent unnecessary uncertainties, only the

main peaks were used for the determination of adsorption heights, satellites were

only included if they could be assigned unambiguously (e.g. O2s). The risk that

systematic errors are large enough to blur the interpretation of the results is limited,

because a variety of peak parameters and constraints were tested. Whether or not

a �tting model is better than another is readily indicated by the obtained coherent

fractions. The higher these values are in total, the better is the �tting model, i.e.,
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Table 5.5: Coherent parameters and adsorption heights of K-doped PTCDA monolayer
domains on Ag(111). The values are the averaged results obtained from four individual
NIXSW scans for each chemical species.

species peaks PH FH z (Å)

Cperyl C2m+C3m+C4m 0.321(5) 0.710(55) 3.116(12)

Cfunct C1m 0.385(29) 0.71(17) 3.267(68)

KPTCDA K1m3/2+K1
m
1/2 0.371(11) 0.750(67) 3.234(25)

Kexcess K2m3/2+K2
m
1/2 0.35(18) 0.29(22) 3.19(41)

Ocarbox O1m 0.423(30) 0.61(11) 3.355(70)

Oanhyd O2m+O2s 0.425(20) 0.650(88) 3.361(46)

the peaks are decomposed more accurately into single contributions. In turn, if the

peak assignment is incorrect, contributions from species having di�erent adsorption

heights are mixed which immediately lowers coherent fractions. [105] The highest

coherent fractions were achieved for the �tting model described above.

For Cperyl (=C2
m+C3m+C4m) the coherent fraction FH = 0.710± 0.055 is high,

which justi�es the made assumption that all perylene carbon atoms have the same

adsorption height. This means that the perylene core is essentially planar and ad-

sorbed in a non-tilted geometry. The coherent position PH = 0.321± 0.005 gives

an adsorption height of (3.116± 0.012)Å. The functional carbon atoms are repre-

sented by Cfunct (=C1
m) for which PH = 0.385± 0.029 and FH = 0.71± 0.17 is

found. With an adsorption height of (3.267± 0.068)Å, the functional carbon atoms

are above the perylene core. The two potassium species behave di�erently in terms

of their vertical structure: KPTCDA (=K1m3/2+K1
m
1/2) shows a high coherent fraction

of FH = 0.750± 0.067 and a coherent position of PH = 0.371± 0.011, the corre-

sponding adsorption height is (3.234± 0.025)Å. In contrast, Kexcess(=K2
m
3/2+K2

m
1/2)

gives a low coherent fraction of FH = 0.29± 0.22, the corresponding adsorption

height thus has to be regarded as the average of a broad range of di�erent adsorp-

tion heights. The low coherent fraction cannot be explained merely by di�erent

adsorption sites (hollow hcp and hollow fcc) on the Ag(111) surface as the resulting

adsorption height di�erence (∆zfcc-hcp = 0.14Å) is by far too small. [188] There-

fore, cluster formation seems rather likely. The �t results for Ocarbox (=O1m) are

FH = 0.61± 0.11 and PH = 0.423± 0.030, the carboxylic oxygen atoms are thus

above the carbon atoms with an adsorption height of (3.355± 0.070)Å. Similarly,

80



Potassium Doping of PTCDA Monolayer Domains on Ag(111) 5

2.6

3.0

3.4

3.8

2.6

3.0

3.4

3.8 lo
n
g
 sid

e
sh

o
rt sid

e

HP

1 0.1

0

(a) (b)

A
d
so

rp
tio

n
 h

e
ig

h
t 

(
)

AÅ

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0

HF

Cperyl

Kexcess

CfunctOanhyd

Ocarbox

KPTCDA

Figure 5.9: (a) Argand diagram and (b) suggested vertical adsorption geometry of
PTCDA and potassium. The coherent parameters of four single NIXSW data sets are
shown as data points in the Argand diagram. The error bars are standard deviations of
the �ts of the partial yield curves. The values averaged over all single NIXSW data sets
are indicated open circles, vectors pointing to the values have been omitted for clarity. The
color code is the same as used in Fig. 5.8. Gray spheres represent the undoped monolayer
of PTCDA/Ag(111) for comparison. [79]

the anhydride oxygen atoms, represented by Oanhyd (=O2m+O2s), give coherent

parameters of FH = 0.650± 0.088 and PH = 0.425± 0.020. The corresponding

adsorption height is (3.361± 0.046)Å. The suggested vertical structure is shown in

Fig. 5.9 (b) as color-coded ball-and-stick side views together with that of undoped

PTCDA/Ag(111) which is represented by gray spheres. The main changes in the

vertical structure of PTCDA occurring upon doping are: �rst, an increase of the

adsorption height of the perylene core and, second, the carboxylic oxygen atoms

change from downward to upward bending with respect to the perylene core.

The adsorption heights shall be discussed under the aspect of bonding strength

with the Ag(111) substrate. The discussion thereby relies on a comparison of

the adsorption heights to the sum of the van derWaals or covalent radii between

the individual chemical species in the �lm and the substrate atoms. Typical van

derWaals (vdW) and covalent (cv) radii are given in brackets: Ag (rAgvdW = 1.72Å,

rAgcv = 1.45Å), perylene (rperylvdW = 1.75Å, rperylcv = 0.77Å), carboxylic oxygen (rOvdW =

1.65Å, rOcv = 0.73Å). [78, 189] The adsorption heights of the perylene core in the
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5.5 Summary and Conclusion

K-doped �lm is (3.116± 0.012)Å, which is signi�cantly higher than in the pris-

tine PTCDA ML on Ag(111) ((2.86± 0.01)Å [78, 79]), but somewhat lower than

on Au(111) ((3.27± 0.02)Å [78]). The latter two systems are prime examples for

predominantly covalent and van derWaals interaction, respectively. The interaction

strength of PTCDA with Ag(111) in the K-doped �lm must thus be in between these

two. The bonding channel between the perylene core and Ag(111) determines the

adsorption height alignment of the entire molecule, however, the bonding channel

via the carboxylic oxygen atoms exerts in�uence as well. Both bonding channels

are not independent from each other, but a moderate coupling has been found in

Ref. [185]. There, it is thought that the entire molecule is pulled towards the sub-

strate surface by the carboxylic oxygen atoms if they are on a smaller adsorption

height than the perylene core. This is clearly the case for the pristine PTCDA ML

on Ag(111), whereas in the K-doped �lm, it is the opposite, the carboxylic oxy-

gen atoms are above the perylene core. It can thus be assumed that they are also

responsible for the increased adsorption height of the perylene core to a certain ex-

tent. It is also known that the functional carbon atoms follow the strong distortion

of the carboxylic oxygen atoms [187], which, in fact, can also be observed here. The

changes in the vertical structure of the anhydride oxygen atoms upon doping are

not as pronounced as for the carboxylic oxygen atoms since they remain above the

perylene core. The distortion of the molecular geometry with respect to the gas

phase geometry is relatively strong. This can be rationalized by the charge transfer

leading to a complete �lling of the F-LUMO, which was found to weaken the double

bond between the functional carbon and carboxylic oxygen atoms thereby making

the molecule more �exible. [169, 176]

5.5 Summary and Conclusion

Structural, electronic and optical properties of K-doped PTCDA monolayer domains

on Ag(111) were comprehensively investigated. Potassium has been deposited onto

pristine PTCDA submonolayers resulting in distinct transitions from the commen-

surate herringbone phase to point-on-line structures even without the need of an-

nealing. This can be attributed to a strong interaction of PTCDA and potassium

atoms resulting in charge transfer complex formation. The complex geometries have

been determined by means of a combined LEED, ST[H]M and DFT study revealing
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the formation of K2PTCDA and K4PTCDA with potassium adsorption sites nearby

the functional anhydride groups. The incorporation of potassium atom in between

the molecules strongly alters the electronic properties of the �lm. While the for-

mer LUMO of pristine PTCDA is cut by the Fermi level, a complete �lling was

revealed for both K-PTCDA complex geometries. This enables us to consistently

assign their optical absorption features to transitions of PTCDA dianions, albeit

they are di�erently a�ected by spectral broadening, e.g., the main feature appears

blurred for K2PTCDA, whereas its vibrational structure is resolved for K4PTCDA.

It was found in previous studies that spectral broadening can be an indicator for the

degree of metal-organic hybridization in certain cases when dealing with metallic

substrates. [51] This means that the dianions of the K2PTCDA complexes can be

regarded as weakly hybridized, those of K4PTCDA are even electronically decoupled

from the substrate. Remarkably, this trend can be understood as dehybridization

of PTCDA by the incorporation of potassium into the �lm. This interpretation is
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Figure 5.10: LUMO or F-LUMO position (binding energy) plotted against the adsorption
height of the perylene core for K2PTCDA/Ag(111) (red cross). Literature data for PTCDA
monolayers on di�erent (111)-oriented metal substrates are shown for comparison (black
crosses). F-LUMO and LUMO positions have been measured by means of direct PES [168]
and inverse PES (IPES) [190], respectively. Adsorption heights were determined using
the NIXSW technique. [77�79] The trend of the LUMO/F-LUMO peak shifting towards
higher binding energies with decreasing adsorption heights is indicated by the dashed line
(guide to the eye). On the less densely packed Ag(110) surface a similar trend was found
for PTCDA based on density functional theory (DFT) calculations only with a di�erent
slope. [191]
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5.5 Summary and Conclusion

further corroborated by the adsorption height realignment of PTCDA. The perylene

core in the K-doped �lm clearly moves upwards and the anhydride groups change

from a downward- to an upward-bent vertical adsorption geometry compared to

the pristine PTCDA on Ag(111). Thus, both bonding channels (one via the anhy-

dride groups and the other via the perylene core) between the molecules and the

substrate become signi�cantly weaker compared to pristine PTCDA/Ag(111). This

clearly di�ers from K-doped PTCDA on Ag(110), where only one bonding channel

is modi�ed due to local substitution of potassium atoms into the metal substrate

underneath the anhydride groups of PTCDA. [80] The adsorption height and the

F-LUMO binding energy shift of undoped PTCDA on various (111)-oriented metal

surfaces correlate, which is indicated by the dashed line in Fig. 5.10. The K-doped

PTCDA �lms on Ag(111), however, does not �t into this trend, meaning that the

F-LUMO shift cannot be simply related to the adsorption height increase within this

picture, which has been proposed for pristine PTCDA �lms on the respective metal

surfaces [52]. This illustrates that the substrate plays a minor role in terms of the

F-LUMO �lling and charge is most likely transferred directly from the potassium

atoms into the π-orbital system of PTCDA via its functional groups.
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6 General Conclusions and Future

Perspectives

It was the objective of this work to provide insight into physical e�ects occurring

at organic-based interfaces as well as charge transfer processes in doped layers. To

this end, particularly suitable model systems were employed comprising epitaxially

grown thin �lms with well-de�ned interfaces. These grant access to an unbiased

probing of the structure-property relations of the �lms.

In the �rst part, it has been demonstrated that a PTCDA monolayer adsorbed

on Ag(111) serves as a template for subsequently grown SnPc �lms thus allowing

for high structural ordering up to the multilayer regime. From a comprehensive

characterization of the structures formed it was found that the adsorption charac-

teristics directly at the organic-organic interface signi�cantly di�er from those at the

metal-organic interface that is obtained when the PTCDA layer is omitted. The rich

structural information gained were related to the �lm-thickness-dependent features

in the optical absorption of SnPc. The achieved strong improvement of structural

ordering manifests in a more narrow, intense optical transition in the near-infrared

spectral region, which can be attributed to an e�cient coupling of transition dipole

moments in a J-type arrangement. It can be expected that template layers will

be interesting for future applications that bene�t from well-de�ned organic-organic

heterointerfaces and high structural ordering. For the example of organic solar cells

(OSC), converting light into electricity can be achieved more e�ciently if the physi-

cal properties of each layer are purposefully tailored. Template layers provide a route

to tune the optical absorption of the employed active materials in order to optimize

exciton generation. Likewise, transport layers may bene�t from the templating e�ect

since the charge carrier mobility increases with increasing structural ordering, but

also the molecular stacking direction is decisive. However, introducing additional

layers may compete with other requirements, in particular with the energy-level
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alignment of transport levels. A template layer material that is solely selected for

structural reasons does not necessarily yield perfect energy-level alignment and may

even result in a lower e�ciency and/or performance of the device. One strategy to

tackle this issue could be using a suitable additional layer that provides bene�cial

energetic properties and also propagates the templating e�ect into subsequent lay-

ers. Accordingly, it seems worthwhile to structurally investigate multiple stacked

heteroepitaxial layers, together with electronic measurements for determining the

energy-level alignment. Also a series of highly ordered heterostructures with well-

de�ned alternate heteroepitaxy is conceivable, on which basis organic quantum wells

(OQWs) could be structured. These are expected to enable next-generation organic

electronics, e.g., lasers, switches, and multiple-valued logic. [11] Template layers may

also help preparing such architectures for which rather smooth and well-de�ned in-

terfaces are essential. [192] Templating also o�ers the opportunity to manipulate

magnetic properties of thin organic �lms since magnetic coupling sensitively depends

on the structures formed. In a prototypical study, �lms comprising the magnetic

molecule cobalt(II)-phthalocyanine (CoPc) have been nanostructured by means of

a PTCDA template layer resulting in high-temperature antiferromagnetism, which

is much less pronounced if the PTCDA layer is omitted. [193]

In the second part, potassium-doped monolayer domains on Ag(111) have been

investigated structurally, electronically, and optically. The experimental results were

consistently interpreted with the help of DFT calculations. It has been found that

potassium doping induces a structural reordering of the commensurate PTCDA her-

ringbone phase into point-on-line structures comprising charge transfer complexes.

Their stoichiometries have been determined as K2PTCDA and K4PTCDA with

potassium adsorption sites nearby the anhydride groups. PTCDA appears doubly

negatively charged in both complex geometries while metal-organic hybridization

becomes weaker with increasing potassium concentration. Literature data that pro-

vide insight into the complex interplay of molecules, alkali metal dopants, and metal

surfaces are rather scarce. It would thus be bene�cial to systematically investigate

the in�uence of the substrate and dopant reactivity as well as the role played by

the functional groups of the molecules. For instance, it has been already shown in

Ref. [80] that the more reactive Ag(110) surface allows only the anhydride groups of

PTCDA to unbind from the substrate surface upon K-doping whereas the perylene

core remains strongly interacting. Thus, it may be worthwhile to check whether this
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is a real trend by employing a much less reactive metal substrate such as Au(111).

In this case, the undoped PTCDA already weakly interacts with this surface, po-

tentially enabling for the formation of even less strongly coupled charge transfer

complexes than observed in this work on the Ag(111) surface. Pursuing this matter

might be useful for all applications that employ thin �lms of alkali doped organic

material, where unintended di�usion of the dopants is one of the most challenging

issues. Alkali metals can even di�use into adjacent layers thereby creating recombi-

nation centers, which make an opto-electronic device less e�cient. [194] This work

indicates that a reactive metal surface provides a kind of stabilization e�ect enabling

the formation of well-de�ned charge transfer complexes. It can be expected that this

also holds for other alkali metals such as the commonly used sodium and cesium,

though these slightly di�er in the atomic radii and ionization energies.

This work particularly emphasizes the importance of thorough structural clari�ca-

tion when aiming at a deep microscopic understanding of organic-organic interfaces

as well as charge transfer processes. The results might be helpful to harness the

advantages of organic molecular �lms in future applications.
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Appendix

DRS drift correction by means of a reference beam. The issue of drift e�ects

in DRS data has been already mentioned in Subsec. 3.2.1. It became evident that

lamp intensity �uctuations play a major role in terms of drift for the setup used

in this work. Since DRS measures light intensities relative to a certain reference,

usually the pristine substrate, any lamp �uctuations during the experiment can in

principle cause (spectral) features which might be misinterpreted in terms of light

absorption of deposited �lms. It is thus important to correct these �uctuations, for

example, by an independent measurement of the lamp intensity using a photodiode.
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Figure A.1: (a) DRS data and (b) corresponding di�erential photodiode current. For
each data point, an accumulation time of 30 s was used.
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Appendix

The achievable improvement shall be demonstrated here. A DRS measurement has

been performed where the substrate surface remained unaltered, meaning that no

molecules were deposited during the whole experiment. Consequently, each DR

spectrum should be a zero line in the ideal case of a drift-free measurement, apart

from technically unavoidable noise. In Fig. A.1 (a), the DRS values at 550 nm

(where the photodiode has maximum sensitivity) are plotted over time. It can be

seen that signi�cant drift accumulates over time up to the mid 10−4 range. Since

the photodiode current shown in Fig. A.1 (b) nicely correlates with the raw DRS

signal, even on time scales of the accumulation time per spectrum, drift e�ects can

be signi�cantly reduced by the approach introduced in Subsec. 3.2.1.

SnPc structure distorted at silver substrate steps. Additional structural

information about the �rst monolayer of SnPc on 1 ML PTCDA/Ag(111) is provided

in Fig. A.2, where the role of substrate steps is elucidated.

V  = +2.1 VT

I  = 30 pAT 5 nm

Figure A.2: STM image of 1ML SnPc on 1ML PTCDA/Ag(111). The highly ordered

SnPc monolayer phase P3 on the left-hand side is distorted at a silver step resulting in an

unordered phase extending to the right-hand side.

DRS data of SnPc �lms on 1 ML PTCDA and 1 ML SnPc on Ag(111).

The imaginary parts ε′′ of the dielectric functions of SnPc �lms depending on the

�lm thickness are shown in Chp. 4. For the sake of completeness, the DRS data

used for the extraction of the dielectric functions are given in Fig. A.3.
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Figure A.3: DRS data of SnPc on (a) 1ML PTCDA/Ag(111) and (b) 1ML SnPc/

Ag(111) depending on the �lm thickness d∗ of the SnPc adlayer. The data are plotted

such that the PTCDA ML/Ag(111) corresponds to the zero baseline. All spectra were

numerically corrected for o�set drift and slightly smoothed by using a Savitzky�Golay �lter.

LEED data of SnPc multilayers on 1 ML PTCDA/Ag(111). In Chp. 4, the

e�ect of structural ordering on the optical absorption behavior of SnPc multilayer

�lms on 1 ML SnPc/Ag(111) and 1 ML PTCDA/Ag(111) substrates is discussed.

While no LEED spots were obtained in the �rst case, for the latter, however, long-

range ordering could be veri�ed for rather large SnPc layer thicknesses by the LEED

pattern shown in Fig. A.4.

E = 16.0 eV

Figure A.4: LEED image of 13.6MLE SnPc on 1 ML PTCDA/Ag(111) acquired at RT.
No distortion correction was performed for this image.
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Appendix

DRS data of potassium-doped PTCDA �lms on Ag(111). The imaginary

parts ε′′ of the dielectric functions of K-doped PTCDA �lms are shown in Sec. 5.2 as

a function of the amount of potassium deposited. For the sake of completeness, the

DRS data used for the extraction of the dielectric functions are given in Fig. A.5.
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Figure A.5: DRS data (un�ltered) of potassium-doped 0.7ML PTCDA/Ag(111) as a

function of the amount of potassium deposited. Distinct doping stages are observed, where

each has a characteristic �ngerprint in the optical absorption. The spectra were corrected

for o�set drift by a reference beam measurement (cf. Subsec. 3.2.1).
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Large-scale STM images of potassium-doped PTCDA/Ag(111). The struc-

tures of potassium-doped PTCDA/Ag(111) are investigated in Sec. 5.4.1. It has

been found that di�erent structures are formed in the �rst and second doping stages

comprising K2PTCDA and K4PTCDA charge-transfer complexes, respectively. In

order to give an impression about the �lm quality and long-range ordering, the STM

images in Fig. A.6 are additionally provided.

10 nm
V  = +1.7 VT

I  = 200 pAT

(a) (b)

5 nm
V  = +1.1 VT

I  = 20 pAT

Figure A.6: Large-scale STM images of (a) the �rst and (b) the second doping stages,

where K2PTCDA and K4PTCDA complexes are formed, respectively. The one-dimensional

Moiré pattern in (a) is indicative of a point-on-line structure.
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Appendix

Core level �ngerprint of potassium adsorbed on bare Ag(111). In Chp. 5,

K 2p spectra of potassium-doped PTCDA on Ag(111) have been decomposed into

two chemically inequivalent species, namely potassium bound to PTCDA and excess

potassium. For comparison, the K 2p spectrum of a submonolayer equivalent of

potassium on bare Ag(111) is shown in Fig. A.7. The peak parameters of the spin-

orbit split features are almost identical to those ascribed to excess potassium in

Fig. 5.4 (c) and (e) and Fig. 5.7 (a). The peak parameters �tted to the data are

listed in Tab. A.1.
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Figure A.7: K 2p spectrum of potassium on Ag(111) acquired for 70◦ emission using an

excitation energy of 1486.6 eV (Al Kα) and a pass energy of 20 eV. Measured data points

are given as circles. The PE background is described by the Shirley function. The peaks of

each individual component distinguished by the �tting model are shown as solid lines. The

thick black line represents the best �ts of the data.

Table A.1: Peak parameters of the �tted components in Fig. A.7. EB: Binding energy;

FWHM : peak width; and relative peak areas with respect to the integrated PE yield.

Peak EB (eV) Area (%) FWHM (eV)

K2m3/2 294.15 39.02 1.16

K2m1/2 296.89 19.51 1.16

K12s 297.18 41.47 5.43
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Core level PE spectra for the �rst and second doping stage acquired for

normal emission. C 1s, corelevelK2p, and O 1s core level PE spectra of pristine

PTCDA/Ag(111) as well as of the �rst and second doping stages are discussed

in Sec. 5.3.2. These spectra were measured for an emission angle of 70◦ in order

to ensure comparability to the NIXSW data. For the sake of completeness, the

measurements of the K-doped layers for normal emission are provided in Fig. A.8.
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Figure A.8: Core level spectra of the �rst [(a) C 1s and K 2p; (b) O 1s] and second

doping stage [(c) C 1s and K 2p; (d) O 1s] acquired in normal emission. An excitation

energy of 1486.6 eV (Al Kα) has been used. C 1s and K 2p were measured with a pass

energy of 20 eV, O 1s with 100 eV. Measured data points are given as circles. The peaks of

each individual chemical species distinguished by the �tting model are shown as solid lines.

The black line represents the best �t to the data.
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