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Résumeé

Les semi-conducteurs organiques sont des matériaux tres prometteurs dans le
cadre d’applications dans le domaine de I'électronique moléculaire. L’intérét
pour ces matériaux provient de la possibilité de modifier leur propriétés op-
tiques, électroniques et d’auto-assemblages par I'ajout de groupements fonc-
tionnels. Toutefois, une profonde connaissance des processus de croissance et
d’auto-assemblage est requis dans le cadre de ces applications, particulierement
due au fait que les propriétés de ces matériaux sont fortement reliées a ce degré
d’organisation.

Dans le cadre de cette these, le 5,14-dihydro-5,7,12,14-tetraazapentacene
(DHTAP) et le 1,4-Di-n-octyloxy-2,5-bis(pyren-1-ylethenyl)benzene (bis-pyrene),
deux composés synthétisés au département IMMF du CINaM (Centre Interdis-
ciplinaire de Nanosciences de Marseille) ont été étudiés. Les propriétés élec-
troniques et d’auto-assemblages ont été étudiées par microscopie a effet tunnel
(STM), sous ultra-vide a basse température. Les propriétés optiques ont été
étudiées par spectroscopie en cavité résonnante (CRD), également sous ultra-
vide.

Ces matériaux, en plus de présenter des propriétés de semi-conducteur en
couches minces, ont été fonctionnalisés afin de permettre la croissance de struc-
tures hautement organisées. La molécule de DHTAP présente des groupements
N-H en positions 5 et 14 ainsi que des atomes d’azote en positions 7 et 12,
qui, en plus de conférer a cette molécule une bonne stabilité dans les condi-
tions ambiantes, lui permet également d’établir des liaisons hydrogénes avec les
molécules voisines. La molécule de bis-pyréne possede deux chaines d’octyles,
en positions 1 et 4, qui, outre le fait d’augmenter la solubilité du composé en so-
lution et d’étre la longueur optimale pour la formation de monocristaux, permet
I'interaction de ces molécules lorsqu’elles sont déposées sur une surface par des
interactions de type van der Waals.

La croissance du DHTAP a été étudiée sur des métaux nobles de nature et
d’orientation cristallographique différentes (Au(111), Au(110) et Ag(110)). La
croissance du bis-pyrene a été étudiée sur Au(111). Dans chaque cas, les condi-
tions de température idéales pour la formation d’'une premiere couche organisée
ont été déterminées. En effet, cette température joue un role tres important du-
rant les premiéres étapes de la croissance du film moléculaire, et peut conduire
a la formation de différentes structures moléculaires ou encore a une reconstruc-
tion de la surface cristalline.

Les différentes étapes de la formation de la premiére mono-couche ont été
caractérisées pour chaque systeme. Le role, la nature ainsi que I’évolution de
l'influence des différentes interactions (molécule-substrat et molécule-molécule)
ont été étudiés. Dans la plupart des cas, la premiere partie de la croissance



est principalement due aux interactions molécule-substrat. L’augmentation de
la densité moléculaire conduit a une augmentation de I'influence des interac-
tions intermoléculaires. Au-dela d’'une certaine densité ces interactions inter-
moléculaires prévalent sur les interactions molécule-substrat, une réorganisation
moléculaire est observée et la suite de la croissance est principalement assurée
par ces interactions intermoléculaires.

Différents modeles sont proposés pour les structures auto-organisées observées
en premiere couche et la densité moléculaire de ces films ont été déterminées.
Ces modeéles présentent une commensuration entre le substrat et le film molécu-
laire, excepté dans le cas du DHTAP/Au(111). La formation de la seconde couche
moléculaire a également été étudiée et la croissance de structures organisées a
été observée pour DHTAP/Au(111) et bis-pyréne/Au(111).

Les propriétés optiques du bis-pyréne déposé sur du verre borosilicate ont été
étudiées par CRD en fonction de la densité moléculaire et de la température.
L’évolution des propriétés optiques en fonction de la densité moléculaire com-
binée aux informations obtenues par STM ont permit d’associer ces modifications
aux interactions des moments dipolaires de transition des molécules de la pre-
miere et de la seconde couche. Ces études ont également permis de déterminer
que le mode de croissance du bis-pyrene sur du verre borosilicate est une crois-
sance en ilot (Volmer-Weber) par opposition au modes de croissance observés
pour le bis-pyréne et pour le DHTAP sur métaux noble, qui est soit une crois-
sance en couche par couche (Frank-van der Merwe), soit une croissance de type
Stransky-Krastanov (couche complete puis formation d’ilots). Des études com-
plémentaires (spectroscopie par effet tunnel) concernant les propriétés électron-
iques du bis-pyrene ont permit de déterminer un gap électronique de 2.85 €V, en
trés bon accord avec la transition optique principale de la molécule observée a
434 nm (2.86 eV) par CRD.

Finalement, la possibilité d’induire des modifications chimiques de la molécule
de DHTAP, intégrée dans une couche auto-assemblée, en utilisant le courant tun-
nel du STM a été observée. Il savere que la molécule de DHTAP intégrée en
premiere couche peut subir une double déshydrogénation pour conduire a la
formation d’'un composé identifié comme étant le 5,7,12,14-tetraazapentacene
(TAP). En seconde couche, la formation de deux radicaux, en plus du TAP, a été
observé. La formation de ces composés, qui intervient seulement en seconde
couche, nous laisse penser que ces radicaux ne sont pas stables en premiere
couche, dii a un couplage différent avec le substrat métallique. La molécule
de TAP présente un certain intérét du fait qu’elle n’est pas synthétisable pas
les méthodes conventionnelles de chimie organique, en revanche, nous avons
montré qu’il est possible de synthétiser cette molécule par déshydrogénation du
5,14-DHTAP en utilisant le courant tunnel inélastique.

Mots clés : microscopie a effet tunnel, spectroscopie en cavité résonnante,
ultra vide, semi-conducteur organique, couche mince, auto-assemblage, déshy-



drogénation par courant tunnel.






Abstract

Organic semiconductors are very promising materials for applications in the field
of organic electronics. The interest for these materials arises from the possibility
of tuning their optical, electronic and self-assembling properties. However, a
deeper understanding of the growth and self-assembling processes is needed for
these applications, especially due to the fact that the properties of these materials
will be strongly related to this organisational order.

In the framework of this thesis, the 5,14-dihydro-5,7,12,14-tetraazapentacene
(DHTAP) and the 1,4-Di-n-octyloxy-2,5-bis(pyren-1-ylethenyl)benzene (bis-
pyrene), two molecular compounds synthesized by the IMMF department in the
CINaM laboratory, have been studied. Electronic and self-assembling properties
have been studied by low temperature scanning tunnelling microscopy (STM)
under ultrahigh vacuum conditions. Optical properties have been studied by
cavity ring-down (CRD) spectroscopy, also under ultrahigh vacuum conditions.

These materials, which have semiconducting properties in thin films, have
been functionalized to allow the growth of well-ordered structures. The DHTAP
molecule possesses N-H groups in positions 5 and 14 and nitrogen atoms in
positions 7 and 12. In addition to the fact that they improve stability under
ambient conditions, they allow for the establishment of hydrogen bonds between
neighbouring molecules. On the other hand, the bis-pyrene molecule possess two
octyl chains, in positions 1 and 4. Besides the fact of the increasing solubility
in solvent and the fact that it is the optimal length for the formation of single
crystals, these alkyl chains allow interactions of van der Waals type between
neighbouring molecules deposited on a surface.

The growth of DHTAP has been studied on Au(111), Au(110), and Ag(110).
The growth of bis-pyrene has been studied on Au(111). In each case, the optimal
temperature conditions for the formation of a well-ordered first monolayer have
been determined. This temperature plays indeed a very important role during
the first steps of growth of molecular films and can lead to the formation of
different molecular structures or to the reconstruction of the crystalline surface.

The different steps of the formation of the first monolayer have been charac-
terised for each system. The role, the nature and the evolution of the influence
of molecule-substrate and intermolecular interactions have been studied. Gener-
ally, the first part of growth is mainly guided by molecule-substrate interactions.
The increase of the molecular density leads to an increase of the influence of
intermolecular interactions. Above a certain density, intermolecular interactions
become more important than molecule-substrate interactions. A molecular reor-
ganization is observed and the following steps of the growth are guided mostly
by intermolecular interactions.

Models are proposed for the different self-organized structures observed in the
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first molecular layer and the molecular densities of these films have been deter-
mined. These models show a commensuration between the substrate and the
molecular structures, with the exception of DHTAP/Au(111). The formation of
second monolayers has also been studied, and the formation of well-ordered sec-
ond monolayer has been observed for DHTAP/Au(111) and bis-pyrene/Au(111).

The optical properties of bis-pyrene deposited on borosilicate glass have been
studied by cavity ring-down spectroscopy as a function of molecular density and
temperature. The evolution of the optical properties as a function of the cov-
erage combined with information obtained from STM allow us to identify these
modifications as interactions between transition dipole moments of molecules
in the first and in the second layer. These investigations allow us to also de-
termine that the growth mode of bis-pyrene on borosilicate glass is an island
growth mode (Volmer-Weber), instead of the growth mode observed for bis-
pyrene or DHTAP on noble metal surfaces, which is either a layer-by-layer growth
mode (Frank-van der Merwe), or a Stansky-Krastanov growth mode (complete
layer followed by islands formations). Complementary studies, performed by the
means of scanning tunnelling spectroscopy, concerning the electronic properties
of the bis-pyrene molecules allowed us to determine a HOMO-LUMO gap of 2.85
eV, in very good agreement with the optical transition of the molecule observed
at 434 nm (2.86 €V) by the means of CRD.

Finally, the possibility to induce chemical modification of DHTAP molecules
embedded in an ordered monolayer using the tunnelling current of the STM
has been studied. It appears that the molecule embedded in the first ML can
be doubly dehydrogenated which leads to the formation of a compound identi-
fied as 5,7,12,14-tetraazapentacene (TAP). In the second layer, the formation of
two radicals in addition to the TAP has been observed. The formation of these
radicals which takes place only in the second monolayer, suggests that they are
unstable in the first monolayer due to stronger coupling between these com-
pounds and the metallic substrate. The TAP molecule is interesting because that
it cannot be synthesized using common organic chemical methods. However, we
showed that it is possible to synthesize this molecule through dehydrogenation
of a single 5,14-DHTAP using the tunnelling current.

Keywords : scanning tunnelling microscopy, cavity ring-down spectroscopy, ul-

trahigh vacuum, organic semiconductor, thin film, self-assembly, dehydrogena-
tion induced by STM.

12



Acknowledgements

I would like to thank in the first place the professor Conrad Becker as well as
the professor Ueli Heiz who gave me the opportunity to do my PhD in collabora-
tion between Aix-Marseille Université and the Technische Universitdat Miinchen.
This gave to me the opportunity to confront myself to the world of the scientific
research in an international environment during these years.

I also would like to thank the research director Claude Henry, former director
of the “Centre Interdisciplinaire de Nanosciences de Marseille”, and the profes-
sor Frédéric Fages, actual director of the CINaM, to have welcomed me in the
laboratory to do my PhD.

I would like to thank Thomas Léoni, lecturer at the CINAM laboratory, with
whom I had the pleasure to work during all my PhD. Thanks you for all these
interesting discussions concerning the scanning tunnelling technique.

I would also like to thank Aras Kartouzian, researcher at the Technische Uni-
versitat Miinchen, to have welcomed me in the team “surface spectroscopy” and
for all the interesting discussions concerning the cavity ring-down and the sec-
ond harmonic generation spectroscopy techniques.

I would like to thank Olivier Siri, research director at the CINaM laboratory,
in the department IMMEF, for providing the DHTAP molecules and the interesting
discussions concerning their properties.

I also would like to thank Anthony D’Aléo, researcher at the CINaM in the
department IMMEF, for providing the bis-pyrene molecules and the helpful dis-
cussions concerning their properties.

I would like to thank Alain Ranguis, engineer at the CINaM laboratory for all
the advices and explanations about ultra high vacuum technique, and concerning
the preparation of the surface prior to STM investigations.

I also would like to thank Laurence Masson, professor at the CINaM, for pro-
viding the Ag(110) single crystal, which allowed us to investigate the growth
properties of DHTAP on this metal.

I would like to thank the professor Peter Zeppenfeld for the interesting dis-
cussions concerning our LEED results which have led to a full understanding of
these.

I also would like to thank Tobias Liinskens and Alexander von Weber, PhD
students at the Technische Universitdt Miinchen, with whom I had the pleasure
to work on the optical characterisation of my compounds, and also on the studies
of optical properties of other organic compounds and metallic clusters.

I also would like to thank Anthony Thomas, PhD student at the CINaM, for
our discussions concerning the experiments performed on the dehydrogenation
of the DHTAP during my stays in Munich, and also concerning the growth of this
compound on other substrates (Cu, thin oxide film...).

13



I would like to thank again Conrad Becker for his professional guidance, our
interesting scientific discussions of the experimental results.

I would like to thank Eloi Perdereau, as well as Urs Moosmuller and Alma
Esteban for the proof reading of the manuscript.

Finally, I would like to deeply thank all my family and particularly my parents,
Eric and Christelle Lelaidier, who supported me all along these years.

14



Contents

Résumé

Abstract

Acknowledgements

List of Figures

List of Tables

Introduction

1 Experimentals techniques and materials

1.1

1.2

1.3

1.4

Scanning tunnelling microscopy

1.1.1 Introduction

1.1.2 Theory of Scanning Tunneling Microscopy
1.1.3 Overview of the experimental setup
Surface Cavity Ring-Down Spectroscopy

1.2.1 Introduction

1.2.2 Theory of cavity ring-down spectroscopy
1.2.3 Experimental setup

The organic compounds

1.3.1 5,14-Dihydro-5.7.12.14-tetraazapentacene
1.3.2 1,4-Di-n-octyloxy-2,5-bis(pyren-1-ylethenyl)benzene
The surfaces

1.41 Au(111)

1.4.2 Au(110)

1.4.3 Ag(110)

1.4.4 Borosilicate glass

2 Characterisation of DHTAP

2.1

2.2

Growth of DHTAP on noble metal surfaces: nucleation and initial
steps of growth

2.1.1 DHTAP/Au(111)

2.1.2 DHTAP/Au(110)

2.1.3 DHTAP/Ag(110)

2.1.4 Discussion

Growth of DHTAP on noble metal surfaces: submonolayer coverage
2.2.1 DHATP/Au(111)

2.2.2 DHATP/Au(110)

15

12
14
17
19
23

25
25
25
28
38
44
44
46
48
54
54
55
58
58
59
60
61

63

63
63
68
72
76
79
79
83



2.2.3 DHATP/Ag(110)
2.2.4 Discussion
2.3 DHTAP on noble metal surfaces: above the monolayer
2.3.1 DHATP/Au(111)
2.3.2 DHATP/Au(110)
2.3.3 DHATP/Ag(110)
2.3.4 Discussion
2.4 Conclusion of the DHTAP growth

3 Characterisation of bis-pyrene

3.1 Growth of bis-pyrene on Au(111)
3.1.1 Overall growth behaviour
3.1.2 Structure of the ordered bis-pyrene domains
3.1.3 Discussion

3.2 Optical properties of bis-pyrene
3.2.1 UV-Vis measurements of bis-pyrene
3.2.2 S-CRDS of bis-pyrene deposited at LT
3.2.3 S-CRDS of bis-pyrene deposited at RT
3.2.4 Discussion

3.3 Conclusion and outlook

4 DHTAP/Au(111): chemical modifications induced by STM

4.1 Modifications induced in the first monolayer
4.1.1 STM/STS results
4.1.2 Discussion

4.2 Modifications induced in the second monolayer
4.2.1 STM observations
4.2.2 DFT calculations and discussion
4.2.3 Electronic properties of azapentacenes in the second mono-

layer
4.3 Conclusions and outlook

5 Conclusion
Bibliography

ANNEXES: List of publications
A Atrticle 1: Growth of Si ultrathin films on silver surfaces: Evidence
of an Ag(110) reconstruction induced by Si.
B Article 2: Highly Ordered Molecular Films on Au(111): The N-
Heteroacene Approach.
C  Atrticle 3: Optical and morphological properties of thin films of bis-
pyrenyl T-conjugated molecules.

16

88
91
93
93
99
106
109
112

115
115
115
122
129
133
133
134
136
136
139

143
143
143
147
149
149
151

157
160

163
167
181

181

181

181



List of Figures

1.1 STM: basic scheme 26
1.2 Unidimensional potential step 28
1.3 Unidimensional potential barrier 31
1.4 Influence of the bias voltage on the Fermi level alignment 33
1.5 Schematic STM tip in Tersoff Hamann Theory 35
1.6 Scanning tunnelling spectroscopy principle 36
1.7 STS: the lock in technique 38
1.8 Photography of the STM lab 39
1.9 Tip preparation scheme 41
1.10 E-beam heater: principle and calibration curve 42
1.11 Cavity ring-down spectroscopy in transmission mode 45
1.12 Cavity ring-down: principle and theory 46
1.13 S-CRDS: exponential decay 47
1.14 Experimental setup of s-CRD spectroscopy 49
1.15 Quartz micro-balance: determination of the molecular density 50
1.16 S-CRDS: data correction process 52
1.17 DHTAP: Chemical Structure 54
1.18 Synthesis of DHTAPs 55
1.19 Bis-pyrene: chemical structure 56
1.20 Au(111) surface 58
1.21 Au(110) surface 60
1.22 Ag(110) surface 61
2.1 DHTAP/Au(111): determination of the deposition rate 64
2.2 DHTAP/Au(111): influence of the temperature 65
2.3 DHTAP/Au(111): nucleation and first molecular structure 66
2.4 DHTAP/Au(111): molecular diffusion 67
2.5 DHTAP/Au(110): strong molecular diffusion at submonolayer coverage 69
2.6 DHTAP/Au(110): diffusion and orientation at low submonolayer cov-
erage 70
2.7 DHTAP/Au(110) at low submonolayer coverage: adsorption site 71
2.8 DHTAP/Ag(110): influence of the temperature 73
2.9 SI/Ag(110) and DHTAP/Si/Ag(110): determination of the molecular
adsorption site 75
2.10 DHTAP/Au(111): Submonolayer growth 80
2.11 Monte Carlos modelling: growth of DHTAP/Au(111) 81
2.12 Monte Carlos modelling: configuration of DHTAP/Au(111) 83
2.13 DHTAP/Au(110): submonolayer regime 85
2.14 DHTAP/Au(110): influence the temperature 87

17



2.15 DHTAP/Ag(110
2.16 DHTAP/Ag(110
2.17 DHTAP/Au(111
2.18 DHTAP/Au(111
2.19 DHTAP/Au(111
2.20 DHTAP/Au(111

2.22 DHTAP/Au(110
2.23 DHTAP/Au(110
2.24 DHTAP/Au(110
2.25 DHTAP/Au(110
2.26 DHTAP/Ag(110

submonolayer regime, medium coverage
submonolayer regime, high coverage
monolayer regime

R- and L-domains

LEED patterns

head to tail configuration and model
Stranski-Krastanov transition
monolayer regime

model

mirror domains

defect

monolayer regime at low temperature

(
(
(
(
E
2.21 DHTAP/Au(111
(
(
(
(
(
(

2.27 DHTAP/Ag(110
2.28 DHTAP/Ag(110

):
):
):
):
)
):
):
):
):
)
):
):
): monolayer regime at room temperature
): model
3.1 Bis-pyrene/Au(111
3.2 Bis-pyrene/Au(111
3.3 Bis-pyrene/Au(111): monolayer regime
3.4 Bis-pyrene/Au(111): submonolayer regime, detailed structure

(

(

(

): submonolayer growth: formation of wires
)
)
)
3.5 Bis-pyrene/Au(111): « unit cell structure and model
)
)
)

: submonolayer growth: formation of 2D domains

3.6 Bis-pyrene/Au(111):  unit cell structure and model

3.7 Bis-pyrene/Au(111): ~ unit cell structure and model

3.8 Bis-pyrene/Au(111): ¢ unit cell structure and model

3.9 Bis-pyrene: conformation consideration

3.10 UV-Vis spectroscopy of bis-pyrene

3.11 S-CRDS spectra of bis-pyrene: LT deposition

3.12 S-CRDS spectra of bis-pyrene: loss per pass at 434 nm as a function
of the molecular density

3.13 S-CRDS spectra of bis-pyrene: RT deposition

3.14 Schematic growth of bis-pyrene on Au(111) and BK7

3.15 Scanning tunnelling spectroscopy of bis-pyrene on Au(111)

4.1 DHTAP/Au(111): STS of molecules embedded in the first monolayer

4.2 DHTAP/Au(111): STS induced chemical modification

4.3 Induced chemical modification: reproducible process

4.4 DFT calculation: HOMO and LUMO of DHTAP, THTAP and TAP

4.5 DHTAP/Au(111): modifications induced in the second monolayer us-
ing STS

4.6 DFT calculation and STM image: identification of the compounds and
summary

4.7 STM image of TrHTAP

4.8 Comparison between DFT and STM

4.9 Formation of MHTAP: preferential dehydrogenation

18

89
90
93
94
95
97
99
100
102
104
105
106
107
108

115
117
119
120
123
125
126
128
131
133
135

135
137
138
139

144
145
146
148

150

152
153
154
155



4.10 Influence of the bias voltage for imaging TAP and MHTAP
4.11 STS of the second monolayer

4.12 Synthesis of TAP

4.13 Synthesis of TAP, MHTAP and TrHTAP

List of Tables

1.1 Highly reflective mirrors characteristics

2.1 DHTAP/Au(110): molecular orientations at submonolayer coverage

158
159
160
161

51
86

2.2 Self-assembled domains of DHTAP on noble metal surface: summary 110

3.1 Bis-pyrene/Au(111): ordered layers and molecular wire properties

19

129






Introduction

Today, organic semiconductors play a very important role in the field of nan-
otechnology, especially in organic electronics where these materials are promis-
ing candidates to replace inorganic semiconductors. The properties of organic
semiconductor thin films are very interesting, especially with respect to the pos-
sibility of tuning the optical, electronic and self-assembling properties of these
materials by incorporating new molecular blocks or functionalities. These mate-
rials also present interesting mechanical flexibility compared to inorganic semi-
conductors, promising a wide range of applications. The low cost of fabrication
of these materials and the conception of devices can be very attractive if the use
of clean-room, ultrahigh vacuum conditions or expensive substrate are no longer
required.

Self-assembled monolayers of functionalized molecules play a key role in the
current and future development of organic materials with tailored optical and
electrical properties. These two classes of materials are very promising for appli-
cations as optical memories, solar cells, biological fluorescent probes, or organic
transistors. However, a deeper understanding of the interaction between the
molecules and the surfaces is needed, especially for applications in electronic
components. Moreover, the properties of devices depend strongly on the de-
gree of organization of the semiconducting layers, because a better organization
results in improved device performance.

It is known that the growth of highly-ordered structures depends on the com-
bination of various factors. Furthermore, the self-assembling properties of mole-
cules are strongly related to the chemical composition, thus the synthesis of com-
pounds with particular functional blocks can be realized in order to improve the
self-assembling properties of these compounds. For example, the incorporation
of donor and acceptor moieties of hydrogen bonds in a molecular compound (O-
H---0O,N-H- - -N...) or the incorporation of alkyl chains can be used to guide
the growth process of self-assembled monolayers.

Another important point is the substrate. The nature of the substrate (metal,
semiconductor or oxide) will also be of prime importance depending on the ap-
plication. The growth behaviour of identical compounds may be completely
different depending on the substrate nature. On crystalline surfaces, growth
processes also depend strongly on the crystal orientation and generally lead to
the formation of different structures.

Finally, the kinetics of the growth process on a given surface depend mainly
on two parameters: the temperature and the flux. After a precise adjustment of
these parameters, the growth process can lead to the formation of well-ordered
structures. The early stages of the growth process, i.e. from the nucleation to the
formation of the first monolayer, are also a crucial step because this layer will be
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used as a template for the growth of subsequent layers.

The scanning tunnelling microscope (STM) developed at the beginning of the
80’s by Binning and Rohrer is a powerful tool for the investigation of structure
of surfaces at the atomic scale.! This scanning probe technique uses the quan-
tum mechanical tunnelling effect, induced by applying a voltage between two
electrodes (in our case the sample and the tip) separated by some Angstroms.
The working principle is rather simple: the tip is moved over the surface us-
ing piezo-electric actuators, allowing a precise control of the tip position in three
directions, to obtain topographic information of the surface. The exponential de-
pendence of the tunnelling current with the surface-tip distance allows to achieve
resolution in the order of a few picometers in the direction normal to the surface
plane. Combined with a lateral resolution of the order of the Angstrom, this al-
lows STM to 'image’ surfaces at the atomic scale and in real space. Consequently,
this technique can be used to monitor the growth and study the self-assembling
properties of adsorbates deposited on various surfaces.

However, due to the fact that STM is a technique measuring a current, the sub-
strate has to be a metal or a semiconductor. Thin oxide layers grown on metallic
substrates can also be used. Indeed, the thinness of these layers allows the estab-
lishment of the tunnelling current. Moreover, the scanning tunnelling technique
can also be used as a spectroscopic tool to investigate the electronic properties
of these substrates, and adsorbates deposited on these substrates. That makes
STM one of the most versatile tools for surface sciences investigations.

The study of the optical properties of these adsorbates is also interesting. How-
ever, the sensitivity of conventional techniques, such as UV-Vis spectroscopy, is
not sufficient to investigate the optical properties of very small quantities of ma-
terials. Surface cavity ring-down (CRD) spectroscopy is a very powerful spec-
troscopic technique allowing the detection of traces of materials. The working
principle is rather simple: a light pulse is guided to and trapped into an optical
cavity constituted of two highly reflective mirrors. The sample of interest is lo-
calized inside the optical cavity, in the optical path of the light pulse. At each
reflection of the light pulse on the highly reflective mirror, a small portion of
the light leaks off the cavity and the time dependence behaviour of the signal
is recorded. The high sensitivity of this technique is due to the extremely long
path length of the light inside the cavity and to the fact that the sample is probed
thousands of times. Furthermore, with this spectroscopic technique, the absorp-
tion is determined by the time behaviour of the signal for a single laser pulse and
is consequently independent of laser power fluctuations.

In this thesis the characterisation of the growth process, the optical, and elec-
tronic properties of two organic semiconductor has been performed under ul-
trahigh vacuum conditions by low temperature scanning tunnelling microscopy
and by surface cavity ring-down spectroscopy. These compounds are synthesized
in the department “Ingénierie Moléculaire et Matériaux Fonctionnels” (IMMF) at
the laboratory “Centre Interdisciplinaire de Nanoscience de Marseille” (CINaM).
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The characterisation of the growth processes and the electronic properties by the
means of STM has been performed at the CINaM laboratory, in the department
“Nanomatériaux et Réactivité” (NMR). The optical properties characterisation by
the means of CRD spectroscopy has been carried out at the Technische Univer-
sitdt Miinchen, at the chair of Physical Chemistry.
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1. Experimentals techniques and
materials

The aim of this chapter is to present the two main characterisation techniques
used during this thesis, scanning tunnelling microscopy and cavity ring-down
spectroscopy, the different organic compounds studied and the surfaces used as
substrates.

1.1. Scanning tunnelling microscopy

In this section we will introduce the technique of scanning tunnelling microscopy,
the tunnelling effect, the theory of scanning tunnelling microscopy, and finally
we give an overview of the experimental setup used during this thesis.

1.1.1. Introduction

The forefather of the STM is the topographiner, developed by Young, Ward, and
Scire? at the beginning of the 70’s. It is a surface sensitive technique that uses
field emission rather than a tunnelling current. The resolution was limited to 3
nm in the vertical and 400 nm in the horizontal direction due to the weak dis-
tance dependence of the field emission current. At the beginning of the 80’s, Bin-
nig et al. showed that vacuum tunnelling between two metallic electrodes with
externally controllable tunnel distance is technically feasible.> From these obser-
vations they decided to develop the STM and use the exponential dependence of
the tunnelling current to create a new tool to investigate metal surfaces. A few
months later they published the first STM measurements performed on Au(110)
and CalrSn,(110) surfaces where atomic steps are resolved.>* Binnig et al. pub-
lished in 1983 another article where they extend the previous observations to
Si(111) and GaAs(111) surfaces.® Furthermore they reported the possibility to
perform scanning tunnelling spectroscopy to determine work functions at the
atomic scale. In 1986, they received the Nobel Price for the observation of the 7
x 7 reconstruction of Si(111) in real space.®’

After the establishment of the theory by Thersoff and Hamann®® and during
the following years STM has been widely used in various environments (ambient
conditions, liquid, ultrahigh vacuum) for the characterisation of metal surfaces
at the atomic scale with different crystalline orientation such as Au(111)!%11.12.13
for example and various semiconductor surfaces.'*!'> STM studies of surfaces
have been extended to ultrathin oxide layers grown on metallic substrates.!®
In addition to the broad scope of applications of oxide layers in new technolo-
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gies, these well-ordered surface can be used as a template for the growth of
nanostructures.!” Moreover, these surfaces can be useful for the investigation of
the properties of adsorbed compounds in a weakly perturbed state due to the
large gap of the oxide layer.'®1?

STM can also be used to investigate various properties of organic or inorganic
adsorbates deposited on the previously mentioned surfaces. In 1990 the possi-
bility of single-atom manipulation was demonstrated by Eigler and Schweizer?®
by writing the "IBM" company logo with Xe atoms on a Ni(110) surface. In
1995 Meyer et al showed the possibility to manipulate CO molecules deposited
on Cu(211).2! More recently the possibility to induce chemical changes, such
as tautomerisation???® or dehydrogenation,?>24252% using inelastic electron tun-
nelling on isolated molecules adsorbed on surfaces has been investigated.
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Figure 1.1.: Basic scheme for a STM operating in constant current mode. Piezos
X and Y are used to move the tip in the surface plane, piezo Z is used to
control the tip-sample distance. Insert: lllustration of the tunnelling current
and the tip position measured in constant height or constant current mode.

The working principle of the STM is rather simple, as illustrated in figure 1.1.
This is a basic scheme integrating the most important features of an STM working
in constant current mode. A metallic atomically sharp tip, generally made of
W or PtIr alloy, is mounted onto piezoelectric translators (X,Y,Z). Piezoelectric
materials have the property to elongate or retract if they are subject to an electric
potential. Piezos X and Y are used to move the tip over the surface plane (z,y)
and the piezo Z is used to control the tip-surface distance z. The tip is brought
very close the surface (3-5 A) and a bias voltage V, applied between the sample
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and the tip allows electrons to tunnel from the sample to the tip or vice-versa,
depending on the sign of the bias voltage applied to the sample. This leads to
the emergence of a tunnelling current, generally in the range of a few pA to a
few nA, depending on the tip-surface distance and the value of the applied bias
voltage.

It is possible to perform two kinds of STM measurements: constant height
measurements or constant current measurements. Principles are displayed sche-
matically in bottom right corner of figure 1.1. The name generally used for con-
stant height measurements can lead to confusion, because the distance between
the surface and the tip is not constant due to the atomic corrugation. In fact the
constant height is related to the tip position on the z axis which does not change
during the scanning process, by opposition to the constant current mode. In the
case of the constant height mode measurement, the result is a measurement of
the tunnelling current as a function of the (x,y) position. This constant height
mode has the advantage that pictures are obtained very quickly compared to
measurements performed in constant current mode. On the other hand, the
disadvantage is that the surface has to be flat at the atomic scale in order to
not damage the STM tip. During this thesis, all measurements were performed
in constant current mode. In this case it is the height displacement of the tip
(along the z direction) which is measured. A value is fixed for the tunnelling
current (generally in the pA range) and is maintained constant during the scan-
ning process through the action of a feedback loop. After a measurement at the
first point the tip is moved to the second point and the feedback loop adjusts the
tip height in order to correspond to the current setpoint. This height is automat-
ically adjusted by applying a voltage on the Z piezo until the current setpoint
and the tunnelling current measured are equal. When this value is reached, the
z position is recorded and the tip is moved to the next point. The exponential
dependence of the tunnelling current on the sample-tip distance leads to a res-
olution of the order of the picometer in the vertical direction and the Angstrom
in the horizontal direction, giving the possibility to image surfaces with atomic
resolution.

In the case of the work realized in this thesis, the STM has been used essen-
tially at liquid nitrogen (LN,) temperature (77 K) to characterise the growth and
self-assembling properties of physically adsorbed organic material on metal sur-
faces, from very low coverage up to the formation of several monolayers. More-
over, the influence of the substrate temperature, which is a critical parameter
for the growth of ordered structures, has been investigated. Scanning tunnelling
spectroscopy has been used to characterise electronic properties of adsorbed or-
ganic compounds. Finally we also look at the possibility to use the STM tip
and the tunnelling electron to induce chemical modifications of single molecules
embedded in a complete highly-ordered layer.
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1.1.2. Theory of Scanning Tunneling Microscopy

1.1.2.1. Unidimensional potential step and barrier: a quantum mechanic
point of view

In quantum mechanics a particle is described as a wave function. This will lead
to different properties concerning the reflection and transmission of the particle
compared to the classical case. In this part we will introduce the mathematical
description of a quantum particle interacting with a potential step and a potential
barrier.

1.1.2.2. Unidimensional potential step

a V b V
| 4 Il 4
E | Il
AWAY WANANANANANA
VAVAVIAYVAYAYAYAYAY Vo
VO {'\,

Figure 1.2.: Schematic representation of a potential step. Two cases are consid-
ered: a) Finite potential with 1§ < E. b) Finite potential with V4 > E. Coloured
arrows indicate the direction of propagation of the wave functions.

Considering a particle with an energy F described by a wave function ¥, and
a potential V'(z) independent of the time defined by:

0 ifz<0
V(z) :{ Vo ifz>0 (1.1)

The unidimensional time independent Shrodinger equation for a wave function
is given by:
n? d?
HY(z) = l—deZ + V(z)] U(z) = EV(2) (1.2)
With H being the Hamiltonian of the system, i = % the reduced Plank constant,
m the mass of the particle, V'(z) the height of the potential step, £ the energy of
the particle, and ¥(z) the particle wave function.
Let’s first consider the case where F > 1}, as depicted in figure 1.2.a. Using the
general solution of the time independent Shrédinger equation, a superposition
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of forward (e**=*) and backward (e~*=*) waves, the following equation system
can be obtained:

{ U (2) = Aetkrz 4 Be~ikiz (13)

U;r(2) = Cetkrrz 4 De=ikir=

k; and kj; are the wave vectors in regions I and II respectively. Their values
can be calculated using equation 1.2 and equation 1.3:

_ mE
b1 = Y 27; . (1.4)
kpp = 4/ 2ET)

We assume the particle comes from —oo and that it cannot be reflected at +cc.
Consequently D=0 and equation 1.3 can be rewritten:

{ U (z) = Aetkr* 4 Be~thiz (15)

\I/[[(Z) = Ceiknz

Moreover, ¥;, ¥;; and their derivatives must be continuous at z = 0, conse-
quently:

(1.6)

{ ‘I/[(ZIO):\I/[[(ZIO):>A+B:C

dqj[éz:()) = d‘lIHd(ZZ:O) - lk]A — ZkZIB = ik[[O

From the previous equations, it is possible to estimate ratios B/A and C'/A,

. .. 2 . ..
calculate the reflection coefficient (R = %) and estimate the transmission co-
efficient (7") due to the fact that R+ 7 = 1:

kr—krs
Er+krr
2y

B
2=
c_
A kr+k

_ (klljkIIII)Q (17)
T (kr+krr)?

T — _Akrkpy
(kr+krr)?

These results concerning reflection and transmission coefficients are surprising
compared to classical mechanics: when a classical particle has an energy £ > 1}
the transmission coefficient is 1. In the case of quantum mechanics, the trans-
mission coefficient is not 1 and a particle with an energy £ > 1}, can be reflected
depending on the value of the wave vectors (i.e. of the difference £ — ;) .

Let’s now consider the case where £ < V; (figure 1.2.b). In this case the
general solutions of the Shrodinger equation are:

{ U (z) = Aethr* 4 Be~thiz (1.8)

\I/[[<Z) = Ce_klflz
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Values of wave vectors k; and k;; can be calculated using eq. 1.2 and eq. 1.8:

{ = (1.9
kl _ 2m(Vo—E) ’
171 — h2

From the conditions of continuous functions and derivatives at z = 0, the
following equation system can be obtained:

(1.10)

{ \I/[(ZIO):\I/[[<Z:0):>A+B:C

Wrle=0) — A=) — ko A — ik B = ki C

From these equations, it is possible to calculate ratios B/A and C'/A and the
reflection and transmission coefficients:

kr+ikrr

2k
_ kr+ikrr
>
0

T o lw

=

T

In this case there the transmission is zero and the particle will be reflected.
However, it is possible to find the particle inside the potential step, where it is
classically forbidden. This can be demonstrated by calculation of the density
probability as a function of the unit length:

_ ZM(V()*E)Z
Wrp(2)2 = C% Vw2 (1.12)

This probability is non-zero and consequently the particle can be found in the
region II. This equation also displays the exponential dependence of the presence
probability with the distance z.

1.1.2.3. Unidimensional potential barrier: the tunnelling effect

The figure 1.3 schematically displays a particle of energy E passing through a
potential barrier with a constant height V{, and a width of z,. In this case three
regions (labelled I, IT and IIT) are available for the particle. Assuming the particle
comes from —oco and that it cannot be reflected at +oo, this particle is described
by the following wave functions which are solutions of the time independent
Shrodinger equation (eq. 1.2)

U (2) = Aetk1 4 Be~ikiz
U(2) = Cetkrrz 4 De=ikirz (1.13)
\I’][[(Z) = Eeikn[z
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Figure 1.3.: Schematic representation of a potential barrier. Two cases are consid-
ered. a) Finite potential with V; < E. b) Finite potential with V, > E. Coloured
arrows indicate the direction of propagation of the wave functions.

From these equations it is possible to calculate wave vectors for each region
using the time independent Shroédinger equation (eq.1.2). Two cases are ob-

served depending on the energy of the particle: In the first case (figure 1.3.a),
E >V, values for wave vectors are:

2mE
kr =/

kyp = /20 (1.14)

2mE
k]II =\ Tz = k[

After the determination of the different constants B, C, D, and E as a func-
tion of A, by using the conditions of continuous functions and derivatives at the

boundaries (z = 0 and z = 2), reflection (R = |B|*/|AJ?), and transmission
coefficients (7' = |E|?|A|*) can be calculated:

R = 1BE _ __ (kj—kj))sin®(kirz0)
[AP 7 kK7 + (k7 —kF;)?sin? (k11 20) 1.15
4k2 k2 ’
T — I™IT

4k?k‘?1+(k‘?7]6?1)28’in2(k‘][,20)

Once again it appears that in quantum mechanics a particle with an energy

higher than the potential barrier height has a non-zero probability to be reflected,
by opposition to the classical case.

Now if we consider the energy of the particle lower than the potential bar-
rier height (£ < 14), wave functions solutions of the Shrodinger equation for
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different regions are:

U;(z) = Aetkr* 4 Be~thiz
‘I’[[(Z) = Ce Fuz + DeFriz (116)
\111—1—1—(,2) = Eeiklz

and the associated wave vectors are:

/{Z _ 2mE

I — 72

Ky = /2B (1.17)
kIII - 2212E' = k[

Once again by using the conditions at the boundary it is possible to calculate
reflection (R = |B|?/|A|*) and transmission (T = |E|*/|A|?) coefficients:

o (K2+k'2)sinh(k); 20)
(kr+ky,)sinh2 (k) z0)+4k2k'2,

(1.18)
T 4k2k'7;
T (krtky)sinh2 (k' 1rz0)+4k2k'2;

Unlike classical expectation, a particle with a total energy lower than the po-
tential barrier height has a non-zero probability of tunnelling through this bar-
rier. This is the principle used in scanning tunnelling microscopy.

1.1.2.4. Tunnelling effect: influence of the bias voltage

The tunnelling effect is the property for a quantum particle to cross a potential
barrier even if its energy is lower than the energy required to overcome this
barrier. In classical physics the particle can cross the potential barrier if its energy
is higher than the energy of the potential barrier. In the other case the particle
cannot cross the barrier, because the position inside the barrier is forbidden. It
is different from the quantum point of view where the particle is described as
a wave function ¢ (z). If we consider an electron with an energy E and a mass
m, moving through a barrier of constant height U, the wave function inside the
barrier can be written:
V() = p(0)e T

This equation displays the fact that the wave function is non-zero inside the bar-
rier. Consequently the particle has a non-zero probability to cross the potential
barrier and this probability can be written as follows:

P = [p(0)Pe 27
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This equation clearly displays the exponential dependence of the transmission
probability as a function of the potential barrier width. In our case the particle
is an electron and the potential barrier is the vacuum. If we now consider two
electrodes (which are the tip and the sample in the case of STM) close enough
to allow the overlap of the wave function, Fermi levels of both electrodes will
be aligned if no potential is applied. The work function, W, is a property of the
surface material depending on the nature of the metal, but also of the crystalline
orientation of the surface and the presence of contamination. The work function
is defined by the difference W = —e¢ — Er, where —e is the charge of an elec-
tron, ¢ is the electric potential in the vacuum nearby the surface, and Fr is the
Fermi level (electrochemical potential of electrons) inside the material. In this
configuration, with an alignment of the Fermi levels of both metal, it is not pos-
sible to generate a tunnelling current between the electrodes without applying
a bias voltage between the electrodes. In the figure 1.4 a representation of the
influence of the bias voltage on the Fermi level alignment in shown.

A v A ® Vacuum level A
e [V SR eds e th ;“‘--~~.X.?.(_\_’_'E:éf_’i). Acos
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Figure 1.4.: Influence of the bias voltage on the Fermi level alignment. Right:
Up=0, Fermi levels of tip and sample are aligned. Left: U,=V>0 is applied to
the sample, Fermi levels are switched by an energy eV,.

If a positive bias voltage is applied to the sample, Fermi levels will be shifted
by en energy eV, and the electron from the filled states of the tip can tunnel into
the empty states of the sample. Electrons that tunnel from the tip to the substrate
are mainly electrons from the Fermi level, with an energy eV,, as underlined by
the red arrows in figure 1.4. We will return to this point in the section concerning
the scanning tunnelling spectroscopy technique. Inversely, applying a negative
bias voltage to the sample will shift the Fermi levels of the metals by an energy
-eV, and lead to a tunnelling current from the filled states of the surface to the
empty states of the tip.

1.1.2.5. Scanning tunnelling microscopy: Tersoff and Hamann theory

Shortly after the development of the STM by Binnig and Rohrer, Tersoff and
Hamann developed the theory of scanning tunnelling microscopy.® A theory is
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presented for vacuum tunnelling between a real surface and a model probe with
a locally spherical tip. The tunnelling current is found to be proportional to the
local density of state (LDOS) of the surface at the position of the tip and the
effective lateral resolution is related to the tip radius R and the vacuum gap
distance d approximately as [(2x~!)(R + d)]'/2. The starting point of the theory
is the tunnelling current given at the first order in Bardeen’s formalism?” by:

2re

721" F(By +eV)]||My|*0(E, — E,)

Where f(F) is the Fermi function, e is the charge of one electron, V" is the applied
voltage bias, |V, , | is the tunnelling matrix between the states v, of the probe
and ¢, of the surface, and E, is the energy of the state 1, in the absence of
tunnelling. Using the limit of small voltage and low temperature, the tunnelling
current can be rewritten:

o
=T QVZ\ w|20(E, — Ep)3(E, — Ep)

Where E is the Fermi level. If we consider the limit where the tip is replaced by
a point probe (leading to the maximum possible resolution) and if the tip wave
functions are arbitrarily localized, the matrix elements are simply proportional
to the amplitude of ¢, at the position r; of the probe. The previous expression
can then be reduced to

It X Z ’wy(r_é)lz(s(Eu - EF)

The quantity on the right-hand side is the surface LDOS at Ep, i.e., the charge
density from the states at Fr. Thus the tunnelling current is proportional to the
LDOS at the position of the point probe and the scanning tunnelling microscope
image represents a contour map of constant surface LDOS.

In order to resolve exactly the tunnelling current, it is mandatory to evaluate
M,,,. Tersoff and Hamann showed that it is possible to calculate M, starting
from Bardeen’s?” expression and using a general expression for surface wave
functions in the region of negligible potential:

hQ o * = = *
My, = 5 [ 48 (050, = 4, 99;)
The wave function of the tip, due to the unknown geometry of the tip, is mod-

elled as a locally spherical potential with a center located at 7 and a local radius
of curvature R, as illustrated in the figure 1.5.
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This leads to the following expression for the tunnelling current:

I, = 320 eV Dy (Ep) Pk > 4, (7)) [*6 (B, — Er)

Where D; is the density of state per unit volume of the probe tip.

Figure 1.5.: Model used to approximate the wave function in Tersoff Hamann
theory. The center of the tip is localized at ry with an assumed spherical
geometry. R is the radius of curvature and d the distance between sample and
tip.

Tersoff and Hamann also showed that the effective lateral resolution is related
to the tip radius R and the vacuum gap distance d as [2s" (R + d)]"2. If R >> d
the resolution is determined by the tip radius but remains inferior to R due to the
prefactor 2x~!. For R << d (case of the ideal tip terminated by a single atom)
the resolution is limited by d and by the smallest tunnelling resistance (current)
that can be experimentally detected.

This theory has been applied in the case of the Au(110) surface®? and is in
very good agreement with the experimental STM measurements performed by
Binnig et al. on this surface.!*> Furthermore they also consider tunnelling to a
semiconductor surface, and apply the theory to GaAs(110) surface.’ In this case
valence and conduction band have very different charge distributions and the
LDOS measured (STM image) will not reflect the topography of the substrate,
by opposition to the LDOS measured in the case of Au(110). This has been
demonstrated for the first time on this surface in 1987 by Feenstra et al.'*
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1.1.2.6. Scanning tunnelling spectroscopy

Scanning tunnelling spectroscopy (STS) is used to obtain information concern-
ing the electronic structure of the sample at the position of the tip. The tip is
positioned at the desired place and the feedback loop is deactivated to keep the
sample-tip distance constant. A bias voltage range is ramped stepwise from one
setpoint value to another one (generally few volts in the positive and negative
range). The averaging time within one step influences the resolution of the spec-
tra. The most basic scanning tunnelling spectroscopic measurement consists of
the local measurement of the tunnelling current as a function of the bias voltage:
L(Va).
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Figure 1.6.: a) Schematic representation of energy levels of a compound adsorbed
on a metallic surface. A bias voltage is applied between the tip an the sam-
ple. b) Typical I;(V,) measurement. c) Calculated differential conductivity:
dI;(Vy)/dV. The observed peaks correspond to the discrete energy levels of
the adsorbate.

The figure 1.6 illustrates the STS principle. We consider that a compound
with discrete energy levels (indicated as HOMO for highest occupied molecular
orbital, LUMO for lowest unoccupied molecular orbital and LUMO+1) is ad-
sorbed on a metallic surface (for more clarity, tip and sample density of states
and work functions are considered constant in this example). At the bias voltage
Viart <0, electrons from the filled states of the surface can tunnel to the empty
states of the tip. As mentioned before most parts of these tunnelling electron
arrive from the Fermi level of the sample and have an energy of eV,,;. In the
range Vy.4-V1, the I,(V}) curve varies linearly with the bias voltage (due to the
considered constant density of states of the tip and the surface).
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At V, = V1, the maximum energy of the tunnelling electron is eV; which is the
energy level of the HOMO. Consequently at V, > V; (V, and V; are negatives)
this tunnelling channel cannot be used anymore, because the electron energy is
too low. This leads to an important decrease of the tunnelling current, as shown
in the figure 1.6.b.

In the range V;-0V, no discrete adsorbate energy levels are available for elec-
tron injection, but electrons at the Fermi level can tunnel from the filled state
of the sample to the empty state of the tip. Consequently the tunnelling cur-
rent will increase linearly, as in the range V,,./Vi. At V,=0, filled states of
both sample and tip are aligned and consequently the tunnelling current is zero.
The behaviour is similar in the range V,>0: the tunnelling current increases lin-
early with the bias voltage until the energy of the tunnelling electron is equal
to eV, (resp. eV3), where the tunnelling electron at the Fermi level of the tip
can tunnel into the LUMO (resp. LUMO+1) of the adsorbate, leading to a more
important increase of tunnelling current at this value. The dI;(V})/dV curve (dif-
ferential conductivity), which corresponds to the LDOS of the sample, can be ob-
tained from the ;(V}) curve by numerical differentiation (see figure 1.6.c). From
this differential conductivity we can obtain information concerning the HOMO-
LUMO gap in the case of semiconductor or other information concerning, for
example, surface states in the case of metal.

A second scanning tunnelling spectroscopy technique consists of the direct
measurement of the differential conductivity. This technique involves the use of
a lock-in amplifier in order to modulated the voltage bias with a high frequency
(1kHz) and record directly the d(;(V}))/dV variation. This method leads to a
better resolution and a better signal to noise ratio compared to the calculation
from the [,(V;). A small modulation at high frequency (V;sin(wt)) is applied
to the bias voltage leading to a sinusoidal response of the tunnelling current.
Moreover, the amplitude of the modulated tunnelling current is sensitive to the
slope of the curve at each point. Figure 1.7 shows a schematic representation of
how the convolution of the applied sinusoidal signal and the tunnelling current
can be used to detect the changes in the ;(V}) characteristics.

To illustrate this principle we start from a simplified expression for the tun-
nelling current:

L;(V, + Vpsin(wt)) o

eVp+eVpsin(wt)
/ po(E)dE.

0

Due to the small amplitude of the modulation (1}, >> 1}), the tunnelling current
can be expended as a Taylor serie as such:

1dp, (Vi
L(Vy + Vosin(wt)) oc L(Vs) + ps(eVi)eVosin(wt) + =2 (eV4)

5 762‘/0232’712(@015) + ...
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Figure 1.7.: Schematic representation of the influence of the of variation of the
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It appears clearly that the first harmonic is proportional to d/;(V},)/dV and the
second harmonic to d*;(V;)/dV?2. These harmonic frequencies can be extracted
by the means of a lock-in amplifier and allows a direct measurement of the LDOS.
From a practical point of view, the measured tunnelling current is noised due to
mechanical vibrations of the system and intrinsic sources. This signal is amplified
then multiplied by a reference signal with the same frequency as the modulation
(w) and with a known phase shift. At the output, only one of the component
depends on the phase difference between the noise and reference signal and
this component is proportional to the first harmonic. Comparing phases of both
signals, the lock-in extracts this component which contains noise essentially of
high frequencies. Finally a low pass filter allows to remove an important part
of this noise. The signal to noise ratio is directly dependant on the integration
time of the lock-in amplifier: higher the acquisition time of a spectrum better the
signal to noise ratio.

1.1.3. Overview of the experimental setup

The aim of this subsection is to give an overview of the experimental setup.
All STM experiments presented in this thesis were performed under ultrahigh
vacuum (UHV) conditions using a commercial low-temperature STM (Omicron).
The experimental setup (see figure 1.8) is composed of a preparation chamber,
an analysis chamber and a transfer chamber, allowing the introduction of new
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Figure 1.8.: Photography of the STM lab.

tips or samples in the preparation chamber without breaking the UHV conditions
in the chamber. A transfer rod is used to move new tips and samples from the
transfer chamber to the preparation chamber where these tips and samples can
be fixed onto a manipulator. This manipulator is used to move the sample from
the preparation chamber to the analysis chamber which is equipped with several
instruments that will be detailed later in this subsection. Inside the analysis
chamber, tips and samples are transferred by the means of a wobble stick into
the microscope, or are placed on a carousel for storage.

1.1.3.1. The preparation chamber

The preparation chamber is maintained at a pressure of 101 mbar in order
to avoid any contamination of the substrate. This vacuum is ensured by an ion
pump, and can be boosted by the use of a titanium sublimator. It is also equipped
with a mass spectrometer, a LEED, a sputter gun, four gas lines (Ar, CO, H,
N) equipped with leak valves, and a commercial organic material effusion cell
(Kentax, TCE-BSC). The advantage of this type of evaporation cell is that it pro-
vides an excellent reproducibility in terms of evaporation temperatures and thus
fluxes of evaporated materials. This largely facilitates the repetitive preparation
of equivalent layers. Moreover, this evaporation source contains three individual
evaporation cells allowing to store several compounds, but also allows a simul-
taneous deposition of two or three compounds. This chamber is used for the
sample preparation (surface cleaning and molecular deposition) and also for the
LEED experiments.

39



1.1.3.2. The manipulator

The manipulator, used to move the sample between the preparation chamber
and the analysis chamber, is equipped with an electron beam sample heater and
can be cooled down by liquid nitrogen (Omicron sample heater and cooling up-
grade). It allows to move the sample inside the preparation chamber to perform
the surface preparation and the LEED measurement. The cooling system al-
lows to cool down the sample to a temperature of 130 K during the preparation
process to deposit compounds on a cold surface. The highest obtainable temper-
ature by heating the sample is 1300 K. Temperature is monitored by the means
of a thermocouple in contact with the molybdenum plate on witch the crystal is
fixed.

1.1.3.3. The analysis chamber

The analysis chamber is isolated from the preparation chamber by a gate-valve.
The pressure in this chamber is maintained in the range of 10-!! mbar by the
use of an ion pump and a titanium sublimator. This chamber includes a cryo-
stat allowing to cool down the sample and the STM tip at the liquid nitrogen
temperature or even at liquid helium temperature. The outer cryostat is cooled
with liquid nitrogen and the inner cryostat can be cooled with liquid nitrogen or
liquid helium, resulting in tip/sample temperatures of 77 K or 4 K, respectively.
The analysis chamber is also equipped with a carousel allowing the storage of
tips and samples. A wobble stick is used to move samples and tips between the
manipulator, the carousel, and the microscope. A CCD camera is located in front
of one of the windows allowing a more precise view of the STM for the manual
approach of the tip over the sample.

1.1.3.4. Tip preparation

Metallic tips used for STM experiments are prepared by electrochemical
etching.?®?° A schematic representation is shown in figure 1.9.

A tungsten wire of 100 um is fixed on the tip holder and cut to a length of
4 mm. This wire is then placed in a solution of NaOH (5 mol/L) with the axis
normal to the solution surface plane, in order to obtain a tip of 1.5 mm length. A
dc voltage is applied between the tungsten wire and a metallic electrode placed
in the solution to perform the electrochemical etching. The chemical reaction is
the following:

W(s) +20H™ +2H,0 — WO?™ + 3H,(g)

The chemical etching is particularly strong at the meniscus formed at the inter-
face metal-solution-air especially due to convection movements in this region.
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Figure 1.9.: Scheme of preparation device for STM tips.

After a few minutes, the immersed part drops of. At his point the voltage is au-
tomatically stopped to avoid further etching. The tip is then carefully cleaned
in ethanol and distilled water. The shape of the tip and the apex are controlled
using a binocular microscope (a more precise control has occasionally been per-
formed using scanning electron microscopy). Before being used to perform STM
measurements, the tip has to be cleaned under UHV conditions by field effect
emission to remove oxide layers from the tip apex.

1.1.3.5. Surface preparation

Before each STM experiment the sample is prepared in several steps. Generally
two cycles of ion sputtering / annealing are performed before the molecular
deposition. The following paragraphs detail these steps which take place in the
preparation chamber (the sample is localized on the manipulator).

lon sputtering: This step is necessary to clean the substrate from impurities
localized on the surface and the remaining compounds of previous experiments.
In order to carry out the sputtering process, the sample is moved under the
sputter gun, and a partial pressure of 1.10® mbar of argon is introduced in the
preparation chamber. Electrons are emitted from a tungsten wire by thermionic
emission and are accelerated and focused to ionize the Ar gas inside the gun.
The emission current used during the sputtering process is 12 mA. Argon ions
are then accelerated to the surface with an energy of 1.5 keV. The resulting
sputter current on the sample is in the pA range.

The duration of the ion sputtering process can vary depending on the mate-
rial and the cleanliness of the surface, but is generally close to 30 min. After
that, impurities of the surface have been removed but the surface show a strong
roughness. The next step is to smoothen this crystalline surface.
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Annealing: The annealing step consists in heating the crystal to increase the
mobility of surface atoms and induce a smoothening of the surface and the for-
mation of large terraces atomically flat. To perform this step, we use an electron
beam sample heater powered by a power supply which operates in the following
way: to reach the desired temperature, a high voltage (U;=650 V) is applied
between the sample and the filament of the e-beam heater. The filament emits
electrons via thermionic emission which are accelerated toward the backside of
the molybdenum plate, on which the crystal is fixed (see the scheme of figure
1.10.a).
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Figure 1.10.: a) Simplified scheme of the E-Beam heater. b) Calibration curve:
temperature as a function of the e-beam intensity.

The e-beam intensity has been measured as a function of the power applied
to the filament, and the surface temperature as a function of the e-beam inten-
sity. The temperature has been characterised with the cooling system turned on.
The temperature is measured by a thermocouple in contact with the molybde-
num plate. This calibration curve is depicted in figure 1.10.b. The temperature
evolves as a function of the e-beam intensity following a power law:

T >2.757

T = 23215 <= Ip = (232

From this calibration curve, it is easy to obtain the desired substrate temperature.
The annealing temperature is a very important parameter: different annealing
temperatures can lead to different kind of reconstruction or to the segregation of
impurities to the surface. The duration of the annealing process is generally 20
min, but can be longer in case of a longer sputtering process. After this annealing
step, the surface is clean and shows large atomically flat areas on which it is
possible to deposit compounds and carry out STM investigations.
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Molecular deposition: The sample is moved in front of the evaporation cell
at a distance of 200 mm. The crystal surface plane is oriented perpendicularly to
the axis of the evaporation in order to obtain a uniform deposition. The crystal
temperature is set to the desired value thanks to the heating or cooling system.
During the molecular deposition, we use substrate temperatures in the range
from 170 K to room temperature (RT), in order to investigate the influence of
these temperatures on the growth process. The molecules which are in the form
of a powder, are placed in a quartz crucible surrounded by a tungsten filament.
Prior to deposition, the evaporation cell is flashed at 10 K higher than the desired
evaporation temperature of the compounds during 1 min to remove volatile im-
purities. Then the temperature is reduced to the desired value for evaporation.
The deposition duration depends on the coverage we are interested in and can
vary from one minute to more than one hour. As soon as the deposition process
is finished, the sample is introduced in the analysis chamber. It is then necessary
to wait a few hours for the thermalization of the sample in the STM in order to
avoid thermal drift effects during STM imaging.
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1.2. Surface Cavity Ring-Down Spectroscopy

The aim of this section is to introduce the technique of cavity ring-down spec-
troscopy, present the theory, give an overview of the experimental setup, and
finally, introduce the data treatment process. This technique is also known as
cavity ring-down laser absorption spectroscopy (CRLAS).

1.2.1. Introduction

Cavity ring-down (CRD) spectroscopy is a very sensitive direct absorption tech-
nique in which the rate of absorption rather than the magnitude of the absorption
of a light pulse confined in an optical cavity is measured.?° A CRD measurement
consists in recording the decay time as a function of the laser wavelength to ac-
quire an absorption spectrum. The principle of this technique is to trap a light
pulse inside a closed optical cavity constituted of two highly reflective mirrors.
At each reflection of the light pulse on the highly reflective mirror a very small
portion of the light (of the order of 0.005%, depending of the mirror reflec-
tivity to the corresponding wavelength) leaks out of the cavity and is detected
by a photomultiplier tube. The very high sensitivity of the CRD spectroscopy
is caused by the extremely long path length (up to several kilometers) of the
light inside the cavity and to the fact that the sample is probed thousands of
times. Furthermore, with this spectroscopic technique, the absorption is deter-
mined using the time behaviour of the signal and consequently is independent of
the laser power fluctuations. The first CRDs experiment were published in 1988
by O’Keefe and Deacon.?! They demonstrated the sensitivity of this technique
by measuring several bands of the very weak forbidden b -, - X ¥-; transition
in gaseous molecular oxygen. Since then, it has been shown that CRD spec-
troscopy is a powerful technique used for the characterisation of various species
(molecules, metal clusters...) in gas-phase,®?* in liquid phase,®**>3% or for ma-
terials deposited on solid substrate such as C60,%” oxazine and malachite green
dyes,3® di- and trichloroethylene,?® rhodamine 110,%°, and gold**? and silver*3
clusters.

In the later case, when CRD is applied to a solid sample, the technique is
known as surface cavity ring-down spectroscopy (s-CRDS). The introduction of
a solid sample will consequently increase the optical losses due to reflection and
scattering which will lead to a decrease of the sensitivity compared to gas phase
measurements. For s-CRD performed in transmission mode, the sample is placed
inside the cavity and the light passes through the sample. In order to reduce
the optical losses induced by reflection, two configurations can be used and are
schematically shown in figure 1.11.

- The sample can be placed with its plane perpendicular to the axis of propaga-
tion of the light pulse. This configuration allows that the reflected light remains
on the optical axis of the cavity.
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Figure 1.11.: Cavity ring-down spectroscopy in transmission mode: two configura-
tions for the substrate can be used: Brewster's angle configuration or normal
configuration. The optical axis is indicated by the black dashed line.

- The sample can be placed at the Brewster’s angle to the optical axis. It is
known that in this Brewster’s angle configuration, the reflection of p-polarized
light does not take place which will lead to a decrease in optical losses. The
Brewster’s angle can be determined using Snell’s law:

O = tan™* (m)
ny

With 6 being the Brewster’s angle and n; and n, being the refractive index of
the vacuum and the substrate respectively. It is this configuration that has been
used for measurements performed in this thesis.

Moreover the substrate has to fulfil some important conditions in order to
reduce the optical losses. First of all it has to be transparent in the wavelength
range investigated. Secondly both faces constituting the sample have to be highly
plane parallel. This is a condition to maintain the reflected light in the optical
cavity in the case of measurement performed at normal incidence angle. This
is also a condition for not having a partial reflection of the light at one of the
interfaces in the case of measurements performed at Brewster’s angle. However
this dependence concerning the parallelism of the two surfaces is less critical in
the case of Brewster’s angle configuration than in the case of the normal config-
uration.

Moreover, as it has already been mentioned, the surface has to be of high
optical quality which means that the roughness has to be as low as possible to
avoid scattered light.

Another important condition for Brewster’s angle configuration is that the sub-
strate material should not possess birefringence in order to not rotate the polar-
isation of the light. This would lead to a partial reflection of the light out of
the cavity by the substrate during the next passages. In this case, only materials
showing a cubic structure (isotrope) or an amorphous structure (no long term
crystalline order) may be employed.
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1.2.2. Theory of cavity ring-down spectroscopy

The principle of CRD spectroscopy is very simple and consists, as mentioned
above, in the measurement of the portion of light leaking out of an optical cavity,
constituted of two highly reflective mirrors. This is illustrated in figure 1.12 for
an empty cavity.

Optical Cavity
PS Laser system
Y Io Im Itn PMT

Figure 1.12.: Cavity ring-down spectroscopy principle: a light pulse is trapped in
an optical cavity constituted of two highly reflective mirrors. The light leaving
the cavity is detected by a photomultiplier.

Considering an initial light pulse with an intensity I, before entering in the
optical cavity. The intensity of the beam inside the cavity, /,,, depends on the
mirrors reflectivity (R, considered identical for both mirrors) and on the number
n of round-trips of the pulse inside the cavity. The intensity of the transmitted
beam (/;,,) also depends on the number of round-trips and the reflectivity of the
mirror. Before the first round-trip (n=0), if we consider a reflectivity R for both
mirrors, the intensities can be written as:

Lo = Io(1 — R)
Lo = Iy(1 — R)?
After the first round-trip (n=1) the intensities can be expressed as:
I, = I(1 — R)R?
I1 = Ip(1 — R)*R?
And more generally, after n round-trips:
I = ]0(1 - R)RQN

Ly, = Io(1 — R)*R*" = Iy(1 — R)*e*""%)

The time necessary for one round-trip (¢,;) directly depends on the length of the

cavity (d) as:
_ 2

trt -
C

With ¢ the speed of light, and the number of round-trips (n) can be simply ex-
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pressed as a function of time:

n=—
trt

In the figure 1.13.a is shown a simple scheme displaying the exponential decay
of the light intensity leaving the cavity as a function of the number of round-
trips. Using the previous relations, it is possible to give a general expression for

p [ o

Iv'e

Intensity (a.u)
intensity (a.u.)

Figure 1.13.: a) Exponential decay of the light intensity leaving the optical cavity
as a function of the number of round-trips. b) Evolution of the ring-down time
before (red) and after (blue) an increase of the optical losses.
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the intensity of the transmitted beam as a function of the time and the cavity
length: .
I;n(t) = Io(1 — R)%ea™B)

The ring-down time, 7, is defined as the time necessary to reduce the initial
intensity of the transmitted pulse by a factor of e:

I

[tn(t = 7') o

d d
cn(R)  ¢(1—R)
This ring-down time is the characteristic that we measure during a s-CRD ex-

periment. The optical loss (L) is defined as the normalized intensity difference
during a time §¢, and it can be expressed as follows:

:>T:

L (t) — L (t + O)
Iy (1)

It is necessary to point out that the optical loss does not evolve linearly with the
time. In the case of the empty cavity, the intensity remains constant between two
reflections and decreases due the non perfect reflection of the mirrors. Conse-
quently, if we consider dt = d/c, the time between two reflection processes, the

L(5t) =
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optical loss can be expressed as:
L(ot=d/c)=1—€e"=1-R

Consequently the ring-down time 7 can be expressed as a function of the optical

loss and inversely:

d d
= — & L=—
4 cL cT

In the case of the empty cavity as mentioned above, the losses are due only
to the mirror characteristics. If a sample is introduced inside the cavity, the
optical losses will increase due to the scattering and the absorption of the sample.
The light intensity will decrease faster than in the case of the empty cavity and
consequently, that will lead to a decrease of the ring-down time:

d

Ltotal = Lcav + Lsub — Tiotal = 7757 %
C(Lcav + Lsub)

The figure 1.13.b shows the influence of an increase in the total optical losses
on the ring-down time. The optical losses due to the substrate can be calculated
from the previous relation:

d, 1 1
Lsub == *(
&

Ttotal Tsub

with 7,,, being the ring-down time determined in the case of the empty cavity
and 7., being the ring-down time determined for the system substrate+cavity.
Using the same method, it is possible to calculate losses induced by adsorbates
(metallic clusters, organic compounds...) deposited on the substrate.

1.2.3. Experimental setup

The laser system (EKSPLA) delivers pulses of p-polarized light at a frequency of
20 Hz and a pulse duration of 30 ps. A grey filter is used to reduce the intensity of
light pulses in order to not saturate the photomultiplier tube. Several mirrors are
used to adjust the beam height and bring the light pulses in the analysis cham-
ber where different optical cavities can be built without breaking the vacuum of
the chamber. The light pulses enter and leave the analysis chamber through two
CaF, windows. All measurements are performed at Brewster’s angle configura-
tion in order to reduce the optical losses induced by reflection. Finally, the light
pulses are guided toward a lens and focus on the photomultiplier tube (Hama-
matsu H7732-10) connected to an oscilloscope (Lecroy Waverunner 6051). An
overview of the experimental setup is depicted in figure 1.14.
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Figure 1.14.: Overview of the experimental setup used for surface cavity ring-down
spectroscopy.

1.2.3.1. Preparation chamber

The preparation chamber is constituted of a fast entry lock, a sample transfer sys-
tem, an evaporator with three evaporation cells, and a quartz micro-balance. The
base pressure of the chamber is in the low 10-® mbar. The fast entry lock allows
the insertion of a new sample for each experiment without breaking the vacuum
inside the analysis chamber. Prior to insertion, the sample is carefully cleaned
with spectroscopic grade acetone. The molecular deposition is performed in this
chamber after a sputtering process which takes place inside the analysis cham-
ber. Organic compounds are evaporated from a boron-nitrate crucible heated
by a tungsten wire surrounding the crucible. A quartz micro-balance allows to
determine the molecular density deposited on the substrate using the Sauerbrey
equation:
23

N

with Af being the frequency change (Hz), f, the resonant frequency (Hz), A
the piezoelectrical active crystal area (cm?), p, the density of quartz (g.cm™),
u, the shear modulus of quartz (g.cm~'.s72), and Am the mass change (g). The
frequency change is recorded before and after the deposition to ensure that the
deposition rate is constant. During the deposition on the substrate, the quartz
micro-balance is removed and the sample is placed at the same position in order
to have a similar molecular flux deposited on the surface and on the quartz of
the micro-balance. This explain the constant resonant frequency observed in

Af=— Am
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the center of the figure 1.15. On each side, the slope of the line is determined
by a linear fit as shown in the same figure. From the value of the fit and the
duration of deposition it is possible to calculate the mass variation Am. Finally,
it is possible to relate the mass variation to the molecular density deposited using
the mass of a single molecule.

5.98057x10° f=-
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Figure 1.15.: Typical measurement recorded by QMB: the slope of the curve is lin-
ear and constant before and after the deposition and allows the determination
of the molecular density deposited on the substrate.

1.2.3.2. Analysis chamber

The analysis chamber is constituted of a cryogenic manipulator, a sputter gun,
gas lines (Art, O,...), and two rotatable mirror holders. The base pressure is in
the low 10-1° mbar range. The manipulator allows us to move the sample in the
three directions and adjust the angle of the sample for the various operations
taking place in the analysis chamber (transfer, sputtering, measurement...). A
cooling system allows us to cool down the substrate to 120 K and a heating sys-
tem can be used to control the temperature of the substrate in the range of 120
K - RT or above. The temperature is measured by the means of a thermocouple
in contact with the substrate. A sputter gun is used to clean the glass substrate
by Art sputtering before the deposition and measurements. The two rotatable
mirror holders have been specifically developed*** in order to investigate the
optical properties of adsorbates under ultrahigh vacuum conditions by surface
cavity ring-down spectroscopy. One of the main issues was related to the fact
that highly reflective mirrors are operational only on a small wavelength range
(few tens of nanometres). The investigation over the entire visible (and infrared)
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range can only be performed using different mirror pairs. These different cav-
ities have to be built inside the analysis chamber without breaking the vacuum
to avoid the sample contamination. Using rotatable mirror holders, it is possible
to insert ten different sets of highly reflective mirrors (pairs of two) and conse-
quently use ten different cavities to cover the desired range. During this thesis,
we used five different mirror sets to cover the visible range. The wavelength
ranges in which these mirror sets (named as a function of the highly reflective
wavelength) can be used are summarized in table 1.1.

Mirror 430 nm | 500 nm | 532 nm | 610 nm | 680 nm
Highly
reflective | 420-480 | 460-550 | 510-590 | 570-680 | 640-770
range

Table 1.1.: Highly reflective mirrors characteristics used during this thesis.

Note that an overlapping region of several tens of nanometres is present in
successive mirror sets allowing for a comparison of the data measured by dif-
ferent cavities in the same range. Moreover, measurements at the edge of the
mirror sets ranges are less accurate due to the lower reflectivity of mirrors at
these wavelengths. This effect is clearly displayed in measurements presented in
figure 1.16.a and 1.16.b where optical losses increase abruptly at the edges of
the different wavelength ranges covered by these mirrors.

Due to the fact that the reflectivity of the mirrors depends on the wavelength,
the intensity of the light leaking out of the optical cavity will also strongly depend
on the wavelength. Consequently the sensitivity of the photomultiplier has to be
adjusted in order to avoid saturation and achieve a maximum resolution for each
wavelength. This is done by adjusting the voltage applied to the detector, which
has been determined prior to experiments for each wavelength and each set of
mirrors. Data acquisition and scanning of the laser are fully automated by a
LabVIEW program. A final data treatment takes place using a custom procedure
in IgorPro. For a better signal to noise ratio, 100 ring-down times are recorded
and averaged for each wavelength.

1.2.3.3. Data treatment process

The CRD data obtained have to be corrected in order to obtain the information
concerning the surface or the compounds adsorbed on the surface. In the first
place, CRD spectra are recorded for each set of highly reflective mirrors for the
empty cavity, as shown in figure 1.16.a. In this case, five spectra have been
recorded for five sets of mirrors, allowing investigations over the complete visible
range. The lack of data in the wavelength range from 680 to 740 nm is due to
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fact that the laser cannot be used in this range because of the signal-idler cross-
over of the used OPG laser system. We can see in the figure 1.16.a that all mirror
sets show the same behaviour: losses are very low (generally in the range 150-
500 ppm, depending on the quality of the mirror set) over a range of 50 nm and
increase abruptly at each edge of the range.

The spectra shown in the figure 1.16.b have been measured after the insertion
of the bare, acetone cleaned, and Ar* sputtered BK7 sample inside the optical
cavity. The measured losses are the combination of the losses previously mea-
sured for the empty cavity and the losses newly induced by the substrate. In
order to obtain the information concerning the absorption resulting only from
the substrate, we subtract the losses of the empty cavity (due only to the non-
perfect reflectivity of the mirrors) from the losses measured for the substrate and
cavity.
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Figure 1.16.: CRDS spectra recorded for: a) Empty cavities, b) Cavities and glass
substrate, c) Determination of the losses due to the substrate. d) Adjustment
and fitting.

The resulting spectra are shown in figure 1.16.c. We can observe that the
losses due to the substrate are in the range 200-900 ppm. Losses are more
pronounced for shorter wavelengths in agreement with the strong wavelength
dependence of the Rayleigh scattering (A\~*). However, this spectrum remains
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noisy, especially at the edges of the wavelength ranges covered by the mirrors.
This can be attributed to the combination of a "low" value of the reflectivity of
the mirrors at these wavelengths and to slightly different alignments of the cavity
between both measurements recorded in the case of a and b. Moreover, after a
closer analysis of spectra recorded in the range 510-590 nm (green spectra),
we observed a relatively strong increase in the losses recorded by this set of
mirrors compared to the losses recorded by other sets of mirrors. This can also
be attributed to a slight misalignment of the cavity. It can be arbitrarily corrected
to homogenize the losses recorded by adjacent sets of mirrors.

This is shown in figure 1.16.d, where the green spectrum (510-590 nm) has
been shifted by -150 ppm, and the purple spectrum (420-480 nm) by -80 ppm.
The next step is to precisely determinate the losses at the overlapping regions.
This has been done using the following formula:

n+1—1 1
Lz_Lm n+1 +Lzbn+1

With L; the calculated loss, L;, (resp. L;) the loss measured at the overlap
by the mirror covering the higher energy range (resp. the lower energy range),
n the total number of points in the overlap, and i, ia and b stand for the point
number (ranging from 1 to n).

During the s-CRD experiments performed in this thesis, we did generally not
record spectra for the empty cavities because it is not necessary for the data treat-
ment. However, we have to record spectra for the system glass + cavity for each
experiment before depositing organic compounds. After the molecular deposi-
tion, the spectra are recorded over the visible range and can be corrected for the
losses due to the substrate and the cavities using the same principle described
before. These data treatments have been used for s-CRD results presented in the
following parts.
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1.3. The organic compounds

1.3.1. 5,14-Dihydro-5.7.12.14-tetraazapentacene

The chemical structure of 5,14-Dihydro-5,7,12,14-tetraazapentacene (DHTAP,
CisN4H;5) is displayed in figure 1.17. This compound has been synthesized in
the CINaM“*>%” in the department of "Ingénierie Moléculaire et Matériaux Fonc-
tionnels" (IMMF).

Figure 1.17.: Chemical structure of 5,14-Dihydro-5,7,12,14-tetraazapentacene.
Note the symmetry breaking due to the presence of hydrogen on nitrogen
5 and 14.

The molecular backbone, very similar to pentacene, contains 4 nitrogen atoms
in positions 5, 7, 12 and 14. Two of these nitrogens (5 and 14) are bonded to
hydrogen atoms. This induces a break in the symmetry of the molecule along the
small molecular axis, compared to pentacene. However, the symmetry remains
along the long axis of the molecular backbone. This is an important point and
we will return to it in the following chapters. Moreover, it has been shown that
the incorporation of nitrogen atoms in heteroacenes leads to the modification of
the electronic structure and molecular packing.:4%-°0:>1

Another difference to pentacene is that this molecule is not fully conjugated
due to the N-H groups. One of the most interesting properties of DHTAP is the
possibility to establish H-bonds with neighbouring DHTAP molecules. This is
possible due to the presence of two N-H groups which are potentially donors
of hydrogen bonds, and two N=C moieties potentially acceptors of hydrogen
bonds. The fact that DHTAP molecules may form H-bond with neighbouring
molecules could be used during the growth process to lead to the formation of
well-ordered thin film stabilized by intermolecular interactions.

Another interesting property due to the incorporation of nitrogen in molecu-
lar backbone is the high stability under ambient conditions in devices.>*>® The
mobilities, on/off ratios and threshold voltages of amorphous organic thin film
transistors based on tetraazapentaenes has been investigated by Ma et al.*° in air.
A charge carrier mobility of 1x1072 cm? V~! s~! has been achieved in the case
of the 5,14-DHTAP, erroneously reported as 5,12-DHTAP.*® This relatively low
value for the mobility can be attributed to the amorphous structure of the film.
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Indeed, previous works clearly indicate that semiconductor thin films maximize
their electrical conductivity when 7-orbital are accessible for charge injection
and hopping between neighbouring molecules by orbital overlap. This unique
characteristic is partially lost in amorphous or polycrystalline films, in which
molecular disorder effectively reduces the mobility of the charge carriers.

Improving carriers mobility in organic films is thus intimately related to molec-
ular orientation and long-range order in the films.>* These properties make DHTAP
a very promising candidate for applications in the field of organic electronics if
well-ordered thin films could be produced.

HO 0
X H
_—
R™N"NH, 0 RTINS R
2:R=H 1:R
4 :R = HNC(O)t-Bu 5:R
Figure 1.18.: Synthesis of DHTAPs: (i) PhCOsH, 300° C, 2 min.

Synthesis The synthesis of DHTAPs is generally accomplished by the conden-
sation of o-phenylenediamines and 2,5-dihydroxybenzoquinone in presence of
different Bronsted acids®®*® except for Miao et al.** who described a solvent and
acid-free preparation. However, all these syntheses require long reaction times
(several hours) at high temperatures, which limits the ability to introduce sen-
sitive groups. The group of O. Siri has been able to considerably accelerate the
synthesis by using benzoic acid as catalyst in a solvent-free reaction because this
solid acid allows for higher temperature conditions (up to 300° C) and there-
fore activation of the reaction, which is completed in only 2 min.*” Thus, the
condensation of 2 and 3 in presence of excess PhCO,H at 300° C (heated with
a heat gun) gives 1 that could be easily isolated by filtration with 80% yield
(1.18). Interestingly, this extremely short time reaction allowed for the use of
diaminobenzene precursor bearing amide functions (4)°° that could react sim-
ilarly with 3 affording 5 in 60% yield. The current protocol appeared to be
unsuccessful in the absence of benzoic acid.

1.3.2. 1,4-Di-n-octyloxy-2,5-bis(pyren-1-ylethenyl)benzene

The chemical structure of 1,4-di-n-octylony-2,5-bis(pyren-1-ylethenyl)benzene
(bis-pyrene, Cs305Hsg) is depicted in figure 1.19. The molecular backbone is
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constituted of two pyrene moieties connected to a central phenyl ring by a trans
ethylenic bond. The all trans-configuration has been confirmed by H-NMR. In
addition to this 7-conjugated system, two octyloxy chains are connected to the
central phenyl ring. Incorporation of pyrene into conjugated oligomers results
in highly conjugated structures with unique photophysical properties.>®>’

Figure 1.19.: Schematic representation of the bulk structure of the bis-pyrene
molecule. The structure was deduced from X-ray diffraction measurements.

Moreover, pyrene and its derivatives are prone to experience 7-staking in solid
state and solution®®>® which is a critical parameter for efficient charge hop-
ping within the solid state material. Investigations on the optical and semi-
conducting properties of vacuum evaporated thin film of two pyrene-modified
oligothiophenes® have shown strikingly low hole mobility compared to the dis-
tyryl analogues under identical conditions.®! It was observed that bispyrene-
terminated bithiophene compounds form highly disordered crystalline thin films,
which could account for the low field effect mobility. Moreover, by analogy with
the trans-1-styrylnaphtalene,®® bis-pyrenyl compounds were believed to have
a less planar geometry than their distyryl analogues, which could also ham-
per efficient 7-stacking in the solid state. The oligo-phenylene-vinylene bridge,
used as a central aromatic bridge, was introduced as a spacer unit between the
pyrene moieties in order to provide efficient intramolecular electronic delocalisa-
tion along the conjugated backbone, better than in the case of oligo-phenylene-
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ethynylene.% Furthermore, the 2,5-disubstituted-1,4-phenylene unit can be sub-
stituted with a large variety of functional groups in order to further endow these
systems with improved solubility®* or directed self-assembling properties.®

The crystalline structure of such compounds clearly shows that the most fa-
vorable length of the octyloxy chain is the half-length of the w-conjugated sys-
tem. Longer chains (e.g. CigHs3) induce disorder in the solid and thus mono-
crystals cannot be isolated. In the solid state, the dihedral angle between the
two planes formed by pyrenes and the central phenyl ring is 175.4°, that is,
both units are close to planarity, in agreement with the calculated angle in the
case of the pyrene-oligo(phenylene vinylene)-2,2-bipyridine.®® Introduction of
phenylene ethynylene®® spacer unit leads to a more pronounced dihedral angle
compare to the phenylene-vinylene analogue. These results motivated us to in-
vestigate thin films of the symmetric compound 1,4-di-n-octyloxy-2,5-bis(pyren-
1-ylethenyl)benzene, that contains the vinylene-phenylene group bridging two
pyrene rings, which possesses a large m-conjugated system, an electronic gap of
2.9 eV and which is a p-semiconductor in thin film.

Synthesis The bis-pyrenyl compound bis-pyrene was synthesized in the group
of F. Fages in a one step Witting reaction. To a suspension of the bis(triphenyl-
phosphonium) derivative of 1,4-bis(bromomethyl)2,5-bis(n-octyloxy)benzenel6
(1.00 g, 1 mmol) in freshly distilled THF (20 m), 95% NaH (0.10 g, 4 mmol)
was added portionwise at room temperature. A solution of the commercially
available pyrene-1-carbaldehyde (0.46 g, 2 mmol) in THF (10 mL) was added.
The reaction mixture was heated overnight at 30° C, then cooled down to room
temperature prior to solvent evaporation. The residue was dissolved in dichloro-
methane. The organic layer was washed with water and then dried over Na,SO;,.
The solvent was removed under vacuum and the crude product was subjected to
column chromatography (silica gel) eluting with dichloromethane then crystal-
lized from a mixture of dichloromethane-methanol. Compound bis-pyrene was
obtained (0.47 g, 60% yield) as an orange solide. The all trans-configuration
was confirmed by 'H NMR
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1.4. The surfaces

Most part of the STM experiments in this thesis have been performed on gold.
Gold is an interesting material to study molecular compounds because it pos-
sesses a well-known surface, which is chemically inert, allowing to study com-
pounds in a weakly perturbed state. Furthermore in the case of potential appli-
cations in the field of organic electronics, electrodes are often made of gold. A
deep understanding of the interaction between the molecules and the surface is
thus very important. Consequently we decided to use a gold surface and also
study the influence of the crystalline structure of the surface, using two different
orientations: Au(111) and Au(110). We also had the occasion to investigate the
growth properties on Ag(110). Concerning the characterisation of the optical
properties, the most interesting substrate is a thin amorphous glass plate (BK7,
VWR International) that we used to perform s-CRDS measurement. The aim of
this section is to describe these different surfaces.

1.4.1. Au(111)

Most part of STM experiments have been performed on a gold monocrystal ori-
ented (111) purchased from Mateck. This surface presents a particular recon-
struction of its surface first atomic layer known as the herringbone reconstruc-
tion. Typical STM images are depicted in figure 1.20.

Figure 1.20.: STM picture of Au(111) surface. a) 100 nm x 100 nm; U,=1 V;
l;=50 pA. Herringbone structure of Au(111). b) 6.7 nm x 6.7 nm; U,=60 mV;
l,=1 nA. Atomic resolution of Au(111) surface and the 23x+/3 unit cell are
shown.

The large scale image in figure 1.20.a displays two highly-oriented monoatomic
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steps running in the [110] direction and the typical herringbone structure of the
reconstructed Au(111) surface. These highly-oriented steps, running in the [110]
direction, can be used to determine the crystallographic orientation of the crys-
tal even if no atomic resolution is obtained. The reconstruction of the Au(111)
surface is due to the fact that the atomic density of the first layer is more impor-
tant than the atomic density of the bulk. This higher atomic density of the first
atomic layer leads to a more compact layer with reduced interatomic distance.
In the case of Au(111), the observation of 23 gold surface atoms on 22 bulk
lattice sites leads to a compression of 4.55% in the [110] direction. The inter-
atomic distance in the bulk is 2.88 A, consequently the interatomic distance of
the atoms constituting the first layer is 2.75 A. Furthermore, this mismatch leads
to stacking faults between atoms of the first and second layer of Au(111). It is
known that the bulk structure is face-centered cubic (fcc), but due to the com-
pression the surface shows an alternance of fcc and hexagonal closed-packed
(hcp) domains, depending on the kind of stacking (ABA or ABC) of the atom of
the first layer. These fcc and hcp domains are separated by discommensuration
lines which show an apparent height of 20 pm and appear brighter in the STM
image 1.20.a. These discommensuration lines reflect the three-fold symmetry of
the Au(111) and show rotation angles of 120°. We can also observe that the
width of fcc and hcp domains, measured along the [110] direction and delim-
ited by the discommensuration lines, are different: fcc domains are larger than
hcp domains. These observations can be confirmed in the STM image obtained
with atomic resolution and are depicted in figure 1.20.b. The 23x+/3 unit cell of
Au(111) is also shown in this figure.

1.4.2. Au(110)

In order to study the influence of the crystallographic orientation of the surface
on the molecular growth, we decided to perform complementary measurements
on Au(110). Schematic pictures displaying the different reconstructions of this
surface are shown in figure 1.21.a, .b, .c, and a STM image of the (1x2) recon-
struction is shown in 1.21.d. In the figure 1.21.a we can observe the schematic
structure of the unreconstructed (1x1) surface. The interatomic distance are
2.88 A and 4.08 A along [170] and [001] respectively. This surface is generally
not stable and reconstructs during preparation to form the (1x2) structure®® dis-
played in figure 1.21.b. In this case every second gold row running along the
[110] direction is missing. Consequently the interatomic distance in the first layer
along the [001] direction is now 8.16 A, but the distance along [110] remains 2.88
A.

Under particular preparation conditions (or due to the presence of impurities)
another reconstructed surface can be observed and is schematically displayed in
figure 1.21.c. This structure is a (1x3) reconstruction.®” By analogy with the pre-
vious structure, this one is constituted of missing rows, with two rows missing
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on three, compared to the unreconstructed structure. Consequently, the distance
along [001] between two atomic rows running along [110] is now 12.24 A. The
interatomic distance along [110] remains the same as in the case of the unre-
constructed and the (1x2) structure: 2.88 A. The STM image depicted in figure
1.21.d shows the (1x2) reconstruction structure with resolution on atomic rows.
Unfortunately, the resolution is not good enough to distinguish individual gold
atoms constituting these rows. However, it appears clearly from this STM images
that the monoatomic steps are rough perpendicular to the [110] direction.

QSA

[170]

122A

Figure 1.21.: Schematic representation of the different reconstructions of Au(110).
a) Unreconstructed surface: (1x1); b) (1x2) reconstruction; c) (1x3) recon-
struction. Crystallographic orientation and interatomic distances are indicated.
d) Typical STM picture of bare Au(110) showing the (1x2) reconstruction.
[;=10 pA; U,=0.05 V.

1.4.3. Ag(110)

The third substrate we used for the STM investigation is an Ag(110) surface. In
figure 1.22 a schematic representation of the unreconstructed Ag(110) surface
and a STM image obtained with atomic resolution are shown :

Contrary to Au(110) the unreconstructed surface is stable, and the (1x1) sur-
face layer shows close-packed rows formed by surface atoms aligned along the
[110] direction. On this surface, as in the case of Au(110), a reduced number of
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Figure 1.22.: Schematic representation of the unreconstructed Ag(110) surface.
b) STM image ( 1,=50 nA; Uy=1 V) of Ag(110) with atomic resolution.

molecular domain orientations should be observed compared to the (111) sur-
face, due to the anisotropy of the (110) surface.®® The interatomic distances are
2.89 A and 4.09 A along the [110] direction and [001] respectively.

1.4.4. Borosilicate glass

In order to study the optical properties of the above-mentioned compounds by
s-CRD we needed a suitable substrate to deposit the material. The sensitivity of
the technique depends directly on the overall photon loss, which has to be as
low as possible. A substrate with very low optical losses has to be chosen and
particular conditions concerning the geometry have to be fulfilled. In previous
work it has been found that the most suitable substrate for s-CRDS® is the BK7
amorphous borosilicate glass substrate.

The most important point, which is obvious because we are working in trans-
mission mode, is to use a substrate transparent in the wavelength range investi-
gated. In the case of BK7, the transparent range is 360-1700 nm and allows the
characterisation over the entire visible range and the near infrared. The trans-
parency windows for other substrates appear to be wider, but in the case of an
amorphous glass substrate for example, the optical losses are about 500 ppm
higher.

Moreover, CRS is a very sensitive technique allowing the detection of trace of
materials. Potential substrates for s-CRS as yttria stabilized zirconia were inves-
tigated and trace of impurities of Nd were observed, leading to the appearance
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of peaks in the optical spectrum, and an important increase of the optical losses.
The effect of Ar* sputtering has also been investigated and it appears that this
process can remove impurities or deposited material causing very low damage
to the surface®® (very little increase of the optical losses after sputtering).

The bulk structure of the sample is also an important parameter and has to
be amorphous or possess a cubic structure to avoid birefringence, which would
lead to an increase of the optical losses due to the rotation of the light polar-
ization. Another point to take into account is that mechanical stress can lead to
birefringence, consequently the substrate has to be fixed as gently as possible.

The roughness of the surface has also been investigated’® and is an important
point because it leads to scattering and consequently and increase of the optical
losses. AFM measurements performed under ambient conditions on BK7 showed
that the surface is smooth, which is the reason for the small scattering losses
observed for this substrate. A RMS roughness of 0.56 nm has been found in the
litterature.”?

Finally, this substrate presents also interesting properties to be used for a non-
linear spectroscopic technique integrated into the system: the surface second
harmonic generation (s-SHG) spectroscopy. For s-SHG spectroscopy the most
important point is to use a substrate with centrosymmetric crystalline structure,
which will not lead to the generation of second harmonic from the bulk. In the
case of BK7, the structure is amorphous and the averaged randomly distributed
contributions of each unit to the electric potential leads to a centrosymmetric po-
tential. Unfortunately, technical issues encountered during this thesis prevented
us from obtaining conclusive results with this technique.
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2. Characterisation of DHTAP

2.1. Growth of DHTAP on noble metal surfaces:
nucleation and initial steps of growth

In the framework of this thesis, most of the STM experiments have been per-
formed at LN, temperature (both sample and tip). The temperature of the sub-
strate during the deposition process has been controlled as explained in the pre-
vious chapter. It is known from literature’? that the two main factors which
control the growth process are the temperature of the substrate and the molecu-
lar flux.

In our case, the molecular flux is determined by the distance between the
evaporation cell and the sample, and the temperature applied to evaporate the
compound. We have always used identical conditions concerning the sample
position and the temperature of evaporation leading to an identical flux for all
deposition.

The remaining variable is the temperature of the substrate during the depo-
sition. Its influence, which plays a very important role during all the steps of
the growth process, will be investigated on three different surfaces: Au(111),
Au(110) and Ag(110).

2.1.1. DHTAP/Au(111)

Prior to the study of the initial steps of the growth process, the formation of
the first molecular structures, and the influence of the temperature during de-
position, we would like to describe the procedure we used to determine the
deposition rate.

Each deposition was performed with the same conditions of temperature and
sample-evaporation cell distance in order to have a constant flux for each depo-
sition process. Then, we determined the molecular densities for different depo-
sition times by counting the number of molecules on a well defined area, until
the formation of complete monolayer (ML).

The graph depicted in figure 2.1 shows the variation of the molecular density
as a function of the deposition time. A linear fit, shown in red in the graph,
allows us to determine a deposition rate of 4.14+0.32 molecules per 100 nm?
per minute. Using this deposition rate it was possible to reproducibly prepare
molecular layers of predefined molecular density.

The molecular density of the complete monolayer has been determined from
the unit cell parameters of the well-ordered first monolayer (111 molecules per
100 nm?, see section 2.3.1). The combination of these information (measured
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molecular density, deposition time and molecular density of the monolayer) al-
lows us to determine a deposition rate in equivalents of monolayer with a result-
ing value of 0.037+0.003 ML/min.

LI LI B | LI 1111 4
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Figure 2.1.: Graph showing the evolution of the density of molecules adsorbed on
the Au(111) surface as a function of the deposition time. A linear variation is
observed, as expected, and permits us to determine a deposition rate of 4.14
molecules/100nm?/min.

In figure 2.2 three STM images of 0.11 ML of DHTAP deposited on Au(111)
at different substrate temperatures are shown. In figure 2.2.a the substrate tem-
perature during deposition was 170 K. We can observe that molecules form one
dimensional wires of about ten molecules that cross the herringbone structure
of the Au(111) reconstruction. Measurements of the apparent height, length
and width are in very good agreement with the value for pentacene molecules
found in the literature,”®”4 and let us think that the molecules adsorb flat on the
substrate, i.e. with their molecular planes parallel to the surface. This configu-
ration is usually observed for planar polyacene molecules’>”® or more generally
for planar 7-conjugated molecules adsorbing on noble metal substrates.”””8

A typical measurement allowing the determination of apparent height and in-
termolecular distance is shown in figure 2.2.d. The profile corresponds to the
grey line in the STM image 2.2.a. The intermolecular distance, measured from
center to center is 0.85+0.05 nm, and the apparent height is 165425 pm. The
smooth variations of the apparent height are due to the corrugation of the re-
constructed Au(111) surface: we can see in the STM image that the molecular
wire crosses a discommensuration line. Molecular wires are preferentially ori-
ented along the [110] direction, which in addition to the intermolecular distance
suggests a commensuration between the substrate and the molecular wire: the
intermolecular distance is equal to three times the interatomic distance in the
[170] direction (2.88 A). Moreover, this suggests attractive intermolecular inter-
actions between neighbouring molecules.

64



For a substrate temperature of 250 K during deposition (figure 2.2.b), a faster
diffusion of DHTAP molecules, along with a higher thermal energy allows them
to reach different metastable positions. At this temperature, the most stable
structure are small linear aggregates of three or four DHTAP molecules which
grow exclusively on the fcc domains of Au(111). These linear aggregates are
assembled in a particular manner that leads to the formation of molecular wires,
which perfectly follow the herringbone reconstruction.

50 145 pm

Apparent height [pm]

20 3.0
distance [nm]

4 6 8
distance [nm]

Figure 2.2.: STM images of 0.11 ML of DHTAP deposited on Au(111) at different
temperatures resulting in three different adsorption structures. a) T=170 K;
U,=0.66 V; ;=50 pA. b) T=250 K; U,=0.73 V;I;=20 pA. c) T=300 K; U,=0.05
V; 1;=20 pA. d) Line profile measured along the molecular wire in STM image
.a (grey line) along the [110] direction. e) Line profile measured along the
molecular aggregate in STM image .b (grey line).

Measurements of the apparent height (150+15 pm) and full width at half
maximum (FWMH) (1.8+0.1 nm) are similar to those obtained previously, for
a deposition temperature of 170 K, but the intermolecular distance between
molecules constituting these linear aggregates is reduced to 0.62+0.05 nm. Ap-
parent height and intermolecular distance are deduced from STM profiles, a
typical profile is shown in figure 2.2.e. These measurements are still in agree-
ment with a molecular compound adsorbed with its molecular plane parallel to
the surface plane.

The figure 2.2.c shows a STM image of a deposition performed at room tem-
perature (RT). In this case the molecular diffusion and the thermal energy of
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DHTAP molecules lead to the formation of amorphous molecular aggregates.
Some molecules do not adsorb in a flat lying configuration on the surface and
apparent heights above 260 pm have been observed. However, the influence
of intermolecular interactions is still observed through the formation of molecu-
lar aggregates, and the influence of the molecule-substrate interactions through
the fact that these are localized on particular regions: the fcc domains of the
reconstructed Au(111) surface.

Figure 2.3.: STM images of 0.11 ML of DHTAP deposited on Au(111) a) T=170
K; Up=0.7 V; 1;=100 pA. b) T=250 K; U,=-0.73 V; 1;=20 pA.

Figure 2.3 shows two larger STM images recorded for DHTAP deposited at
170 K (2.3.a) and 250 K(2.3.b). At 250 K, it appears clearly that the nucleation
of DHTAP takes place preferentially at the elbows of the reconstructed Au(111)
surface and molecular wires grow mostly on the fcc domains. It is known from
literature that elbows of the reconstructed Au(111) surface are particularly ac-
tive nucleation centers for various metallic deposits, such as Fe,” Ni®%8! or Mo,??
or organic materials such as C40,%® 1-nitronaphthalene®* and iron or manganese
phthalocyanine.®> The preferential growth observed on the fcc domains has
also been observed in the case of iron phthalocyanine®>®” and perylene®® de-
posited on Au(111).

The figure 2.3.a shows that the formation of wires occurs, but these wires do
not follow the herringbone structure of the substrate as in the case of depositions
performed at 250 K. But interestingly most part of the elbows are decorated by
molecular wires. This observation suggests that even at this temperature the
nucleation takes place at the elbows, but the formation of the molecular struc-
ture after the nucleation process is different, due to the lower lower diffusion
and the lower thermal energy of the molecules at 170 K. At this temperature,
molecules are not able to reach their equilibrium structure, but are trapped in a
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kinetically limited state stabilized by intermolecular and molecule-substrate in-
teractions. From these observations it becomes obvious that the most favourable
temperature for the growth of self-organized DHTAP layer on Au(111) is around
250 K.

We can also observe in the STM images 2.3.a and 2.3.b (and also in STM
image 2.2.a and 2.2.b) the presence of bright stripes along the z direction. These
stripes could result from the diffusion of molecules on the surface and/or from
adsorption and desorption of a molecular compound on the surface and on the
tip during the scan process. That could be the reason why the STM image 2.3.b
appears so noisy.

Figure 2.4.: STM images of 0.11 ML of DHTAP deposited on Au(111) at T=170
K (Up=0.7 V; 1,=100 pA). a) and b) Scale bar: 20 nm. c), d) and e) Scale
bar: 5 nm.

This molecular diffusion, which takes place even at LN, temperature, is clearly
confirmed in figure 2.4, where successive STM images recorded at the same po-
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sition are displayed. Important modifications are observed between the STM
image 2.4.a and the STM image 2.4.b, which have been recorded after 10 scans
on the same area (90 min between the first and the last scan). A slight decrease
of the molecular density (3.1%) is observed, but the most important modifica-
tions arise from diffusion of single molecules, or DHTAP aggregates.

This is underlined in the following STM images recorded at smaller scale. In
STM image 2.4.c, the DHTAP wire surrounded by a yellow circle is constituted of
11 DHTAP molecules. In the following STM picture, another DHTAP molecule,
indicated by the yellow arrow, has diffused and is interacting with this wire,
constituted now of 12 DHTAP molecules. Another example is the molecular wire
surrounded by a red circle in the STM picture 2.4.c, constituted of 9 DHTAP
molecules. It can be seen in the following STM pictures (2.4.d and 2.4.e) that
this aggregate diffuses on the surface and remains constituted of 9 molecules.
Furthermore, it can be observed that the other wire, constituted of 12 molecules
in the figure 2.4.d (yellow arrow), has been split into two molecular wires of
8 and 4 DHTAP molecules, indicated by yellow circles in the STM image 2.4.e.
This clearly indicates that molecular diffusion and diffusion of DHTAP aggregates
takes places even at 77K.

2.1.2. DHTAP/Au(110)

In order to investigate the influence of the crystalline structure of the surface on
the nucleation, growth process and the molecular self-assembly we decided to
use a gold substrate with a different orientation.

During the investigation of DHTAP on Au(110) at very low coverage, the first
STM images obtained appear very noisy due to the diffusion of DHTAP cer-
tainly influenced by the tip during the scan process, as underlined in the case
of DHTAP/Au(111). From the STM picture 2.5.a it is clear that a preferential
diffusion of DHTAP takes place in the [110] direction because the noise observed
is confined between two atomic rows of gold, running in the [110] direction (see
STM profile in figure 2.5.d. The molecule/surface bond is modified during scan-
ning which can leads to different bonding geometries and adsorption sites. This
preferential diffusion can be explained by the anisotropy of the Au(110) surface.

However, after several scans on the same area molecules reach a stable posi-
tion on the Au(110) surface. This is shown in figure 2.5.b. This STM image has
been recorded after several scans performed at smaller scales on areas indicated
by white dashed squares. In these regions the resolution allows us to distinguish
clearly the orientation of DHTAP molecules and, furthermore, we are still able to
see the gold atomic rows running in the [110] direction. Outside these areas, the
STM image appears noisy, due to molecular diffusion along the [110] direction.

From the deposition time of 5 min and the molecular flux determined in the
previous subsection (4.14 molecules/100 nm?/min), we can calculate an ex-
pected molecular density of 20.7 molecules/100 nm?. It is not possible to de-
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termine the molecular density precisely on STM images where the molecular
diffusion occurs, however, it can be determined by counting the molecules ad-
sorbed at stable positions after several scans, as in the case of the image shown in
figure 2.5.b. In these cases, the molecular density is 21.1 molecules per 100 nm?,
which is in very good agreement with the expected molecular density, suggesting
that no molecules are removed from the area during the scanning process.
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Figure 2.5.: STM images of DHTAP on Au(110) deposited at 210 K during 5 min.
V,=0.55 V; 1,=120 pA). a) 20 nm x 20 nm. b) 120 nm x 120 nm, dashed
squares indicate areas previously scanned. c¢) STM picture (14.5 nm x 16 nm)
showing the 1D structure observed at highly-oriented steps. d) STM profile
recorded in a) (red line). ) STM profile recorded in c) (red line).
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Another information can be extracted from the image 2.5.b: self-organization
takes place at highly-oriented step edges running along the [110] close packed
direction. This is confirmed by the STM image depicted in figure 2.5.c. DHTAP
molecules form an unidimensional structure with a periodicity of 0.584+0.05 nm
(see profile in 2.5.e), suggesting a commensuration between the substrate (2 x
a[110]=0.576 nm) and the molecular structure.

STM images recorded at smaller scale, which are displayed in figure 2.6.a and
2.6.b illustrate more precisely the diffusion phenomenon. The STM picture 2.6.a
has been obtained by scanning line by line from the bottom to the top. The
image 2.6.b has been recorded just after the image 2.6.a and is scanned from the
top to the bottom.
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Figure 2.6.: STM images (10 nm x 10 nm; V,=0.6 V; ;=10 pA) of 0.19 ML of
DHTAP deposited at 210 K on Au(110). a) Scanned line by line from the
bottom to the top. Arrows indicate a change in the molecular orientation.
b) STM image obtains just after the image a), scanned from the top to the
bottom. Encircled molecules have different orientation with respect to the
image a). c¢) and d) STM profiles recorded in STM image a).

The resolution of the STM image allows us to observe gold atomic rows run-

70



ning in the [110] direction. An inter-row distance of 0.824+0.05 nm is determined
(see profile in figure 2.6.c) in very good agreement with the distance expected
for the (1x2) reconstruction. In the image 2.6.a we can see on the right-hand
side, indicated by a white arrow, that the molecule is not imaged completely: the
lower part seems to be cut. This is due to a rotation of the DHTAP molecule. This
rotation is observed a second time, indicated by the grey arrow. The same pro-
cess is observed for other molecules which show different orientations between
both images (some of these molecules are surrounded by a white circle in figure
2.6.b).

These two STM images obtained with high resolution allow us to determine
two preferential orientations for the molecule which are very similar. The angle
between the long molecular axis and the [110] direction of the Au(110) surface
is £30+3° in both cases but molecules appear differently in the STM images.
One lies flat on the surface, this is deduced from the fact that the two bright
lobes of the molecule show the same apparent height (100 pm). The other one
shows an apparent height difference of 15 pm between these two brighter lobes
suggesting a configuration with the long molecular axis tilted with respect to
the surface plane. Another difference is observed in the center of the DHTAP
molecule, where the apparent height is reduced by 25 pm. (see profiles in figure
2.6.d). Moreover, a difference is recorded for the FWMH: 1.62+0.1 nm for the
tilted DHTAP and 1.81+0.1 nm in the case of the flat lying adsorption. However,
it appears that the tilted absorption configuration is more stable than the other:
no rotation or modification of the position has been observed for these molecules
after several STM images recorded at the same position.

4a[110]

Figure 2.7.: Successive STM images (3.5 nm x 3.5 nm; V,=0.6 V; I;=10 pA) of
0.19 ML of DHTAP deposited at 210 K on Au(110).

Figure 2.7 shows three successive STM images recorded at the same position.
The previous observations are confirmed: DHTAP molecules can rotate from one
position to a mirrored position with respect to the [110] direction, and a diffusion
of the DHTAP molecule can take place along this direction. The resolution allows
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us to determine that between the STM image a and b, the molecule not only ro-
tates, but has also been shifted along the [110] direction by one gold interatomic
distance. The STM image 2.7.c confirms this last observation: the same DHTAP
molecule is again shifted by one interatomic distance along the [110] direction.

A closer analysis of these STM images lets us determine that the center of
the molecule is above the missing gold row of the (1x2) reconstruction. Un-
fortunately, the resolution is not sufficient along the [110] direction to observe
individual Au atoms, and consequently it is not possible to determine with accu-
racy the position of the molecule along this direction. However, measurements
done concerning the relative position of the molecule diffusing on the substrate
suggest adsorption sites equivalent for each molecule in this configuration. The
difference between intermolecular distances is mainly due to a geometric effect
of the underlying substrate and is the signature of a strong influence of molecule-
substrate interactions.

2.1.3. DHTAP/Ag(110)

During this thesis we had the opportunity to collaborate on the investigation
of another system (not developed in this manuscript) concerning the growth
of silicon nanoribbons on Ag(110).% It was the occasion to compare the results
already observed in the case of DHTAP/Au(110) to those for DHTAP on Ag(110).

The influence of the substrate temperature at the early stage of molecular
growth has been investigated in the case of DHTAP deposited on Ag(110). At
very low coverage, the substrate temperature plays a role for the formation of
particular molecular structures. STM pictures of DHTAP deposited on Ag(110)
at 180 K and RT are displayed in figure 2.8.

The STM image presented in figure 2.8.a has been recorded after the deposi-
tion of 0.1 ML of DHTAP on this surface at 180 K. In this case DHTAP molecules
are oriented with the long molecular axis along the [110] direction. Moreover, the
DHTAP molecules form molecular wires running along the [001] direction. The
intermolecular distance (0.82 nm = 2 x a[001]), see STM profile in figure 2.8.c,
clearly indicates a commensuration between the wire and substrate. Interest-
ingly this distance correspond roughly to the distance found for DHTAP/Au(111)
at 170 K. The apparent height (115 pm) and FWHM (1.8 nm) strongly suggest
that DHTAP adsorbs on the surface with its molecular plane parallel to the sur-
face plane.

In the second STM image (figure 2.8.b), recorded for a similar coverage (0.11
ML) we can observe that DHTAP molecules deposited at RT are mostly ori-
ented with their long molecular axis along the [110] direction. However, some
molecules can be observed with their long molecular axis forming a slight angle
with the [110] direction. Intermolecular distance measurements (see STM profile
in figure 2.8.d) do not suggest a commensuration between the molecular aggre-
gates and the substrate. No ordered molecular structure has been observed on
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Figure 2.8.: a) STM image (U,=0.95 V; ;=40 pA) of 0.10 ML of DHTAP deposited
on Ag(110) at 180 K. b) STM image (U,=0.2 V; 1,=80 pA) of 0.11 ML of
DHTAP deposited on Ag(110) at RT. c) STM profile measured in figure a)
(red line). d) and e) STM profiles measured in figure b) (red line and blue line
respectively). f) Schematic representation of the Ag step.

Densely packed atomic steps displayed in the lower part of the STM image
are completely covered with DHTAP molecules as in the case of Au(110). The
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angle between this step and the [001] direction is 20+5° and intermolecular dis-
tance measured along this direction is 0.86 nm (see profile 2.8.e). Comparing
these measurements to the atomic structure of the silver surface suggests that
this molecular assembly is commensurate with the substrate. A schematic repre-
sentation of the atomic step is given in figure 2.8.f. The fact that these steps are
completely covered with DHTAP clearly indicates a strong diffusion of DHTAP
during the deposition process.

In this particular case, only the deposition performed at low temperature leads
to the formation of ordered wires in contrast to deposition performed at RT.
However, the commensuration observed between wires and substrate, along the
[110] direction, suggests a strong influence of molecule-substrate interactions for
deposition performed at 180 K.

Unfortunately, the resolution of the most part of STM images obtained during
the investigation of DHTAP/Ag(110) is not sufficient to assign the exact adsorp-
tion site. But we observed at low coverage and preferentially at low temperature,
that DHTAP molecule adsorbs with a particular orientation: the long molecular
axis parallel to the [110] direction, and the molecular plane parallel to the surface
plane.

During the investigation of Si nanoribbons on Ag(110), we also decided to
deposit DHTAP on top of this surface to study the properties of DHTAP adsorbed
on an inorganic semiconductor. Results obtained where not conclusive but the
combination of two STM images presented below (figure 2.9.a and 2.9.b) allows
us to determine unambiguously the position of an isolated DHTAP molecule on
Ag(110).

The first STM image 2.9.a has been obtained for the system Si/Ag(110). The
high resolution achieved in the upper part of the STM picture allows us to distin-
guish the silver atoms of the unreconstructed Ag(110) surface. We assume that
this high resolution is due to the adsorption of silicon atom(s) on the tip apex.
The resolution in the lower part of the STM image is not as good as the resolu-
tion in the upper part, however, it is possible to distinguish the Ag atomic rows
running in the [110] direction. On the left part of this STM picture Si nanoribbons
are localized (two doubles and one simple). A clear commensuration is observed
between the crystallographic direction of the substrate and the protrusions of the
Si nanoribbons.

The second STM image (2.9.b) has been recorded after the evaporation of
DHTAP molecules on top of Ag(110) partially covered with Si nanoribbons. The
deposition of DHTAP has been performed on a substrate at room temperature.
From the deposition time, it is possible to estimate a molecular density of 49.7
molecules per 100 nm?. Note that the molecular density observed on this picture
is lower than the molecular density expected, but this image was in fact obtained
at one location where molecular density on Si nanoribbons is lower than on other
images recorded at larger scale. This allows for a better resolution of the dots
structure. We can see that DHTAP molecules adsorb on Si nanorribons with
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Figure 2.9.: a) STM image of Si nanoribbons grown on Ag(110) (U,=100 mV,
[;=50 nA). Ag atoms are resolved on the upper left part of the STM image.
b) STM image (Up=2.34V, 1,=30 pA) of DHTAP evaporated onto a Ag(110)
at RT, partially covered with Si nanoribbons. c) Superposition of both STM
images after correction of the drift d) Structure model showing the exact
adsorption side of the DHTAP molecule on the bare Ag(110) area.

On the silver surface, molecules adsorb according the two configurations pre-
viously observed for depositions performed at RT. The long molecular axis is
aligned with the [110] direction or show a small angle with this direction. Inter-
estingly, the DHTAP molecules whose molecular axis is tilted from the [110] di-
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rection are imaged with resolution of the molecular orbital at this voltage (2.34
eV).This is in good agreement with the increase of the apparent height from 100
to 150 pm between these molecule with different adsorption geometry.

The image depicted in figure 2.9.c is a superposition of the atomic Ag lattice
and the Si nanoribbons, observed in the upper part of the STM image in 2.9.a,
and the STM image shown in 2.9.b. For better clarity, the nanoribbon showing
several defects in the STM image 2.9.a has been removed and the atomic lattice
has been extended to determine its relative position with respect to the Si protru-
sions. The superposition of this atomic lattice on the second STM image, using
the relative position of Ag atoms with respect to the Si dots allows us to deter-
mine unambiguously the adsorption site of individual DHTAP molecules. It turns
out that all DHTAP molecules show equivalent adsorption sites, i.e. the center
of a DHTAP molecule is localized between densely packed Ag rows. For better
clarity, a schematic representation of the relative orientation between DHTAP
molecule (long molecular axis parallel to the [110] direction), Si dots, and the Ag
substrate is depicted in figure 2.9.d. It clearly shows the the center of the DHTAP
molecule is located above an Ag atom of the second layer.

It has to be mentioned that the STM images depicted in figure 2.9.a and 2.9.b
show a slight drift which can be observed through the angle between the [110)]
and the [001] direction which is slightly different from 90°. Consequently these
STM images have to be corrected from these drifts prior to being superposed.
In these cases the drift effects are constant over the complete picture and can
be corrected easily. This essential step can be done by adjusting the angle be-
tween the [110] and the [001] direction to 90°, using the atomic lattice and/or
the Si nanoribbon. Finally, these images can be rescaled if necessary, according
the value known for the Ag(110) surface lattice and the commensurate Si dot
structures.

2.1.4. Discussion

The initial steps of the growth of DHTAP and influence of the substrate tem-
perature during deposition have been investigated on Au(111), Au(110) and
Ag(110).

We observe on Au(111) that depositions performed at 170 K lead to the forma-
tion of commensurate molecular wires aligned with the close packed directions
of the substrate. DHTAP molecules adsorb with their molecular planes paral-
lel to the surface plane and show preferential side by side interaction. When
DHTAP is deposited at 250 K, molecular wires are formed at the elbows of the
reconstructed Au(111), which are known to be efficient nucleation centers, and
are observed exclusively on fcc domains. Wires formed in this condition are
not commensurate with the substrate and a strong decrease of the intermolec-
ular distance is observed compared to deposition performed at 170 K. Deposit-
ing DHTAP at RT leads to the formation of disordered aggregates, where some

76



molecules are observed to adsorb on the substrate with their molecular plan
tilted from the surface plane. However, the formation of these amorphous struc-
ture is observed exclusively on fcc domains, as in the case of deposition per-
formed at 250 K. The formation of these different structures can be explained
considering the kinetics of the growth process. Indeed, the structure observed
after deposition performed at a temperature of 170 K are metastable structures,
strongly influenced by molecule-substrate interactions. At 250 K the energy of
the system (molecular wire/substrate) is more important and allows the forma-
tion of another kind of wire that cannot be formed at lower temperature.

On Au(110), we observe that DHTAP molecules show an anisotropic diffusion
behaviour on the surface, preferentially along the [110] direction. This diffusion
is certainly influenced by the STM tip during the scanning process. Molecules
are immobilized by repeated cycle of scanning on the same area. STM images
allow us to observe two preferential orientations for DHTAP on Au(110) at this
low coverage: in both cases the long molecular axis is oriented with the same
angle with respect to the [110] direction: +30°. The difference is related to the
angle between the molecular plane and the surface plane: in the first case and
for the most part of observed DHTAP molecules at these coverages, molecular
and surface plane are parallel and the molecule lies on the surface in a flat
lying configuration. In this case the center of the molecular backbone in located
in bridge position between two gold rows running in the [110] direction. In the
second case, the molecule lies on the surface with a tilted angle. It seems that this
tilted configuration is more stable, indeed, no diffusion of the molecule adopting
this configuration has been observed. We also observe that the formation of
commensurate 1D structure takes place at highly-oriented steps running in the
[110] direction.

On Ag(110), the deposition of DHTAP on a substrate at low temperature (180
K) leads to the formation of molecular wires which are commensurate along the
[001] direction. Interestingly, the formation of commensurate wires was also ob-
served in the case of deposition performed at 170 K on Au(111). On Ag(110),
DHTAP molecule lies flat on the surface, and the long molecular axis is aligned
with the [110] direction. Deposited at RT, DHTAP molecules adopt different orien-
tations: long molecular axis aligned with the [110] direction, or showing a slight
angle (4+3°) are predominant. However, no organized structure formation takes
place on terraces under these conditions of temperature and coverage. However,
the formation of a commensurate structure has been observed on densely packed
monoatomic steps, as in the case of Au(110). Finally, the adsorption site of the
DHTAP molecules has been determined at the atomic scale and it appears that
the center of the molecular backbone is localized on top of an Ag atom of the
second atomic layer.

In the case of DHTAP deposited on Au(111), the observations concerning the
influence of the temperature let us think that 250 K is the best temperature to
use for the growth process to obtain well-ordered structure. Consequently, we
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will use this temperature for the following depositions. The temperature effect
on Au(110) and Ag(110) which does not seem to be as critical as in the case

of DHTAP on Au(111) for these coverages will still be investigated during the
following step of growth.
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2.2. Growth of DHTAP on noble metal surfaces:
submonolayer coverage

In this section the growth of DHTAP deposited on Au(111), Au(110) and Ag(110)
up to coverages close to the monolayer density will be presented. Particular at-
tention will be paid on molecule-substrate and molecule-molecule interactions
which play a very important role in the growth process. Results observed in
the case of the growth performed on Au(111) are in very good agreement with
modelling performed for this system and will be discussed.

2.2.1. DHATP/Au(111)
2.2.1.1. STM investigation

The figure 2.10.a shows a STM image of 0.21 ML of DHTAP deposited at 250 K.
We can see that after a nucleation at the elbows and the appearance of molecu-
lar wires on fcc domains, the growth of these structures continue preferentially
on the fcc domains. This preferential growth of molecular structures on fcc do-
mains, already observed for various molecular compounds as phtalocyanine8>87
and perylene,®® indicates that DHTAP is more stable on fcc regions than on hep
regions.

Figure 2.10.b has been obtained for a coverage of 0.32 ML. In this case, fcc
domains are saturated and the molecular wires growth takes place on the hcp
domains. For a coverage of 0.45 ML (fig 2.10.c) the growth continues on the hcp
domains which are now close to saturation. In the figure 2.10.d we can see that,
for a coverage of 0.58 ML, fcc and hcp domains are saturated and observe the
appearance of molecular wires which are not strictly following the herringbone
structure of the substrate.

The following figure (2.10.e) displays a coverage of 0.75 ML. In this case the
molecular wires do not follow the herringbone structure anymore. This indicates
that between 0.58 ML and 0.75 ML a phase transition occurs.

As mentioned before, the growth process is governed by the competition be-
tween two kinds of interactions: intermolecular interactions and molecule-
substrate interactions. In our case, during the first part of the growth, i.e. for
coverages from 0.11 ML to 0.58 ML, the growth process is mainly governed by
the molecule-substrate interactions. This leads to the nucleation at specific loca-
tions of the substrate and the preferential growth occurs in accordance with the
fcc domains of the substrate, which act as a template. Increasing the coverage
leads to an increase of the molecular density and consequently an increase of the
intermolecular interactions contribution. This contribution of the intermolecular
interactions becomes more important than the molecule-substrate interactions
contribution for a coverage between 0.58 ML and 0.75 ML leading to a phase
transition.
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Finally the last STM image depicted in figure 2.10.f has been recorded for
0.93 ML of DHTAP. We can observe that molecular wires previously observed
at 0.75 ML form now highly-ordered 2D domains with particular orientations.
We can also note that domain boundaries follow the elbows of the reconstructed
Au(111) surface.

Figure 2.10.: STM images of DHTAP deposited on Au(111) at T=250 K. Size: 60
nm x 60 nm. a) 0.21 ML; Uy=-1 V; ;=20 pA. b) 0.32 ML; U,=-1.5 V; ;=50
pA. c) 0.45 ML; U,=-1V; ;=100 pA. d) 0.62 ML. U,=-0.2 V; 1;=50 pA. e)
0.75 ML; Up=0.49 V; 1,=30 pA. f) 0.93 ML; Uy=1 V; ;=40 pA.

During the growth process of the first monolayer at 250 K, the intermolecular
distance measured from center to center in molecular aggregates remains iden-
tical, 0.61+0.03 nm, even after the molecular reorganization observed between
0.58 ML and 0.75 ML.

The structure of these domains will be treated in details in section 2.3.1. An
interesting point is that even at this coverage very close to the monolayer density,
no DHTAP molecules have been observed on top of the first layer suggesting
strongly that the growth mode of DHTAP on Au(111) is not a Volmer-Weber
growth mode under these conditions i.e. the molecules are wetting the substrate.
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2.2.1.2. Modelling of the growth

A collaboration with T. Roussel®® from the "Institut de Ciénca de Material de
Barcelona" has permitted us to investigate the surface effect of the gold recon-
struction on DHTAP self-assembly using modelling. The self-assembly is sim-
ulated within a two-dimensional Grand-Canonical Monte-Carlos (GCMC) ap-
proach recently reported.’! It allows performing atomistic simulations of thou-
sands of organic molecules self-assembling on large crystalline surfaces indepen-
dently of their number of atoms, starting from the bare substrate.
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Figure 2.11.: Configuration snapshot of GCMC computations at different molecular
densities and different simulation box sizes. a) Simulation box: one unit cell
of the simulated Au(111) substrate (white dashed line) duplicated six times
for better visualization. Four different molecular densities are considered. The
coloured scale represents the intermolecular potential energy (kJ/mol). b) and
c) Simulation box size: (2x10) unit cell of the simulated Au(111) substrate,
coloured scale corresponds to molecule-substrate potential energy in the case
of b) and to the intermolecular potential energy in the case of c).%

Snapshots of the configurations obtained by GCMC simulation are displayed
in figure 2.11.a for different coverages which are, from top to bottom, 0.14 ML,
0.26 ML, 0.43 ML and 0.57 ML. The simulation has been done for one unit cell of
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simulated Au(111) (represented by the white dashed line) and has been dupli-
cated six times for a better visualisation. The formation of molecular aggregates
at the elbows of the reconstructed surface, and of molecular structures prefer-
entially on fcc domains are observed at the lower coverage simulated. DHTAP
molecules constituting these structures show preferential side by side interac-
tions. At higher molecular density, the formation of wires leads to the comple-
tion of fcc domains and the growth takes place on hcp domains and leads to the
formation of new molecular wires on these regions. Similar results are obtained
using a supercell of (2x10) unit cells of the simulated surface as shown in figure
2.11.b and 2.11.c. These computations have been performed with respectively
1200 and 2017 molecules, which correspond to coverages of 0.24 and 0.41 ML.

The simulations show that the intermolecular potential became stronger with
the molecular density (see the coloured energy scale in figure 2.11.a), and the
molecule-substrate potential became weaker with the molecular density (not
shown). These potential energies strongly depend on the position of the DHTAP
molecule on the surface and its surroundings: DHTAP molecules embedded
in molecular wires show lower intermolecular potential energy compared to
molecules localized at the end of the wires, or isolated molecules. The same re-
mark can be done concerning the molecule-substrate potential energy, which is
different depending on the position of the molecule on the surface. This is shown
in figure 2.11.b, where the coloured energy scale stands for molecule-substrate
potential energy. We can note in this case that DHTAP molecules showing the
lowest energy are generally localized close to the elbow of the reconstructed
surface, which are known to be efficient nucleation center.

These simulations are in very good agreement with the preferential growth
observed at low coverages by the means of STM on Au(111). Moreover this is in
agreement and illustrates the increase of the influence of the intermolecular in-
teraction and the decrease of the influence of the molecule-substrate interactions
with the coverage, found by the STM investigations.

Finally, these computations allow us to have access to the molecular orienta-
tion adopted by molecules. Figure 2.12 shows the molecular orientations (rep-
resented by an arrow) for one configuration snapshot. It appears clearly that
molecules constituting ordered molecular wires are very often in a head to tail
configuration, suggesting that intermolecular hydrogen bonds are responsible
for the establishment and formation of molecular wires. This interesting infor-
mation couldn’t be obtained from the STM measurements at these coverages.
We will come back to this below.

82



-, A A= - ‘_ﬂlrl-lf g
e inid ;A.rr - A A
- N _w\\ Y L‘N - \‘I\.‘ﬂ“’r\\ .l_.ur-r \‘;\.I.II.I.I.\Q\“ IN

Y P \Tl Im —d N

)

\ ]

A

~

x

:5(

i\\“‘
-'E::L
A
N
RN
N
1:-'@

L
A

”f
L d
x)

N
v
4
1\

‘ f
¥

W

- 1‘
|

gt

- ™
X

73
N
oo

oy
A
™

i

<
-

#
%
W
Y

- -

Ay
-

[

A

$
ol
\1
(i
\ A
N
o~/
Y
N
f‘\‘l ol '
SN
TN
\Y r
Sy

In

83

o

X

T

Yy,
},‘

nw\ 17
AT\

L

-

-
X
snapshot then zoomed.?°

-
Figure 2.12.: Molecular orientations are represented by arrows for a configuration

the coverage on the growth process. The molecular diffusion remains important

in the [110] direction, as it has already been observed at lower coverages.
the upper right part of the STM image 2.13.a, DHTAP molecules do not diffuse
on the surface and most part of the molecules show the orientation previously

The STM images in figure 2.13 have been recorded at different coverages for
DHTAP deposited on Au(110) at 210 K, in order to investigate the influence of

2.2.2. DHATP/Au(110)
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observed, where the long molecular axis shows an angle of +30+3° with the
[110] direction.

In this STM image we can also observe the formation of molecular dimers
indicated by white circles. These two molecules are located in bridge positions
between two atomic gold rows running in the [110] direction. The dimers show
a particular orientation: an angle of +£50+5° between the long molecular axis
and the [110] direction has been determined.

Figure 2.13.b shows a histogram of the relative orientations of DHTAP molecules
for a coverage of 0.24 ML. The distance between two molecules constituting the
dimer, measured along the [110] direction, is 0.84-0.1 nm (see histogram in figure
2.13.d) and the apparent height is slightly more important (1104+20 pm, profile
shown in figure 2.13.f, corresponding to the red line in STM image 2.13.a.)
with respect to molecules showing an angle of +£30+3° between the [110] di-
rection and their long molecular axes. These values remain in agreement with
a flat lying configuration, but the intermolecular distance suggests that DHTAP
molecules do not lie at equivalent positions on the gold substrate. From the
intermolecular distance along the [110] direction and the angle of 50° between
the long molecular axis and the [110] direction, it is possible to determine an
intermolecular distance of 0.61+0.1 nm along the direction perpendicular to the
molecular axes.

This value is in agreement with the formation of hydrogen bonds between
molecules constituting the dimer, assuming a head to tail configuration sug-
gested by the simulation performed for DHTAP on Au(111). Interestingly these
molecular dimers are stable and do not diffuse on the surface, contrary to the
DHTAP adsorbed with an angle of £30+3° between the long molecular axis and
the [110] direction.

A third orientation is also observed where molecules lie with their long axis
parallel to the [110] direction. Statistical analysis shows for a coverage of 0.37
ML that 78% of the molecules adopt the configuration with an angle of +30+3°
with respect to the [110] direction, 13% show the configuration with an angle of
+50+5° with respect to the [110] direction and 9% are oriented with the long
molecular axis parallel to the [110] direction.

Figure 2.13.c has been recorded at a coverage of 0.37 ML. In this case, DHTAP
molecules adopt the previously mentioned orientations. However, the ratio be-
tween the different configurations evolve: 59% of the molecules adopt the con-
figuration with an angle of +30+3° with respect to the [110] direction, 26% show
the configuration with an angle of +£5045° with respect to the [110] direction and
15% are oriented with the long molecular axis parallel to the [110] direction.

The following STM image (2.13.e) has been recorded for a coverage of 0.89
ML. We observe clearly that at this coverage most of DHTAP molecules (68%) lie
on the surface with the long molecular axis parallel to the [110] direction and only
7% are observed with an angle of £30+3° with respect to the [110] direction.
Interestingly, the other DHTAP molecules (25%) do not adopt a well identified
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Figure 2.13.: STM images of DHTAP deposited on Au(110) at 210 K for three
different coverages in the submonolayer range. a) 0.24 ML; 30 nm x 30 nm;
Up=0.8 V; ;=100 pA. Some molecular dimers are surrounded by white circles.
b) Molecular orientations observed in the coverage range 0.10-0.24 ML. c)
0.37 ML; 30 nm x 30 nm; U,=0.7 V; ;=60 pA. d) Intermolecular distance
measured along the [110] direction. €) 0.89 ML; 20 nm x 20 nm; U,=1.32 V;
;=50 pA. f) STM profile corresponding to the red line in image a). g) STM
profile corresponding to the red line in image e).
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configuration, and we observe that the angle between the long molecular axis
and the [110] direction can vary from +50° to +80°. For these molecules, a slight
decrease of the intermolecular distance, measured along the [110], is observed
referring to the 0.8+0.1 nm observed in the case of the dimer configuration. The
values concerning the relative orientation of DHTAP as a function of the coverage
are summarized in the table 2.1.

- 30° | 50° | 0° | other
0.24 ML | 78% | 13% | 9% -
0.37 ML | 59% | 26% | 15% -
0.89 ML | 7% - 68% | 25%

Table 2.1.: Relative orientations between the DHTAP molecules and the Au(110)
surface as a function of the coverage.

Concerning DHTAP molecules lying with their long molecular axis parallel to
the [110] direction, three different apparent heights are observed, and the inter-
molecular distance measured along the [001] direction is around 0.61+0.05 nm
(see STM profile in figure 2.13.g). An ordering can be observed for molecules
in this configuration in the [001] direction. It appears that the distance between
two equivalent molecules (with the more important apparent height) is 2.44-0.08
nm, which is very close to three times the atomic parameter of the (1x2) recon-
struction of the Au(110) along the [001] direction. The structure of this first
monolayer will be detailed in the section 2.3.2.

Very interesting observations have been made concerning the influence of the
substrate temperature during the growth process of DHTAP/Au(110) at these
coverages. In figure 2.14 STM images of DHTAP deposited on Au(110) at a
substrate temperature of 210 K obtained before and after annealing the sample
at RT are displayed. Image 2.14.a shows a large monoatomic terrace (more than
200 nm x 200 nm) and an atomic step in the upper left part.

The profile (grey line in the STM image) depicted in figure 2.14.d indicates
an apparent height of 130+20 pm in good agreement with the height of a
monoatomic step found in the literature.*“? A this large scale, individual DHTAP
molecule cannot be resolved, but a STM image obtained at lower scale for the
same coverage is depicted in figure 2.13.c. The high resolution allows us to dis-
tinguish gold atomic rows running in the [110] direction separated by a distance
of 0.8240.05 nm, characteristic of the (1x2) reconstruction.

After storing the sample for one night at RT under UHV conditions, STM im-
ages have been recorded, which are shown in figure 2.14.b and 2.14.c. We can
observe on the large scale image the formation of unidimensional structures run-
ning in the [110] direction on the terraces. The apparent heights of these wires
are 130+20 pm (see profile in figure 2.14.e), identical to the apparent height of
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monoatomic gold steps. It seems that annealing the substrate at RT leads to the
formation of gold wires growing along the [110] direction.
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Figure 2.14.: STM image of DHTAP on Au(110) at T=210 K. a) 0.37 ML; 200
nm x 200 nm; U,=0.9 V; ;=30 pA. b) Same sample after annealing one night
at RT under UHV conditions: 200 nm x 200 nm; U,=1.04 V; ;=90 pA. c) 30
nm x 30 nm; U,=0.5V; ;=90 pA. d) STM profile measured before annealing
the sample (grey line in a)). e) STM profile measured after annealing the
sample (grey line in b)). f) STM profile measured in c) (grey line).

A STM image at smaller scale is presented in figure 2.14.c. The higher res-

olution of this STM image allows us to distinguish molecules lying in different
orientations and gold rows running in the [110] close packed direction. Apparent
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height measurements have been performed (see figure 2.14.f, corresponding to
the grey line in figure 2.14.c). Inter-row distance measurements are clearly in
very good agreement with the inter-row distance of the (1x3) structure along the
[001] direction. Due to these observations we can conclude that during annealing
at room temperature, DHTAP molecules induce a reconstruction from the (1x2)
to the (1x3) structure of the Au(110) surface. The formation of the (1x3) from
the (1x2) structure causes the release of gold atoms. These released atoms dif-
fuse on the surface and lead to the formation of the observed atomic gold wires
running in the [110] direction. All these new wires show the (1x3) structure.
Various experiments have been performed to determine at which temperature
the reconstruction takes place, in order to avoid this reconstruction and obtain
a well-ordered film. A closer look in the upper part of the STM picture 2.14.a
allows us to distinguish six bright stripes aligned with the [110] direction which
can now be identified as gold atomic rows. This deposition has been performed
at 210 K and the reconstruction of the surface already takes place during the
deposition process, but it stops after the transfer of the sample inside the LT
chamber, where it is cooled to LN, temperature. Other depositions performed at
200 K did not lead to the appearance of these atomic rows, consequently we de-
cided to keep the substrate temperature below 200 K during further depositions
of DHTAP to avoid this reconstruction. The temperature should however not be
too low in order to avoid trapping of the molecules in a diffusion limited state.

2.2.3. DHATP/Ag(110)

STM images of the evolution of the growth process of DHTAP on Ag(110) at
submonolayer coverage as a function of the temperature are depicted in figure
2.15.

For a coverage of 0.42 ML deposited at 180 K, a new structure appears as
shown in figure 2.15.a. DHTAP molecules self-organize in molecular wires run-
ning in a particular direction: +£39+5° with respect to the [110] direction (see
histogram in figure 2.15.b). Apparent height and intermolecular distance mea-
surements have been carried out on these wires and and the ones running in the
[001] direction are displayed in 2.15.c and 2.15.d.

The molecular wires running along the [001] direction show an intermolecular
distance of 0.824+0.02 nm equal to twice the interatomic Ag distance along the
[001] direction. The apparent height is 108415 pm, in agreement with a flat lying
configuration as mentioned previously. Concerning the other kind of molecular
wire, showing an angle of +£39+5° with respect to the [110] direction, the in-
termolecular distance (along the wire axis) is 0.67+0.05 nm and the apparent
height is 145+20 pm. An angle close to 10° has been determined between the
long molecular axis and the normal of the wire axis, leading to an intermolecular
distance of 0.66+0.05 nm. These values remain in agreement with a flat lying
absorption but these wires are not commensurate with the Ag(110) substrate,
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unlike wires running in the [001] direction.
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Figure 2.15.: a) STM picture of 0.42 ML of DHAP/Ag(110) deposited at 180 K
(25 nm x 25 nm; U,=0.9 V; ;=100 pA). b) Angle between the [110] direction
and the long axis of the new observed molecular wires. c) Intermolecular dis-
tance measured for both kinds of wires observed at LT. d) Apparent height of
both kinds of wires. €) STM picture of 0.39 ML of DHAP/Ag(110) deposited
at RT (30 nm x 30 nm; U,=0.5 V; ;=40 pA).

Interestingly, for DHTAP deposition of 0.39 ML performed at RT, we observe
in the STM image displayed in figure 2.15.e that molecules adsorb preferentially
with the long molecular axis parallel within +5° to the [110] direction (70%) or
with an angle of +56+6° with respect to the [110] direction (30%). However, as
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in the case observed at lower coverage, the formation of well-ordered molecular
wires does not take place at RT.

Figure 2.16.: a) STM image of 0.67 ML of DHTAP deposited at RT on Ag(110)
(100 nm x 100 nm; Uy=0.5 V; I;=40 pA). b) STM image performed on the
same sample at smaller scale (30 nm x 30 nm; U,=0.2 V; [;=1.5nA). c) STM
image (10 nm x 22.5 nm) allowing the determination of the position of the
center of a molecular trimer.

The next coverage investigated was 0.67 ML. A typical STM picture at large
scale is shown in figure 2.16.a. We can see that the formation of 2D molecu-
lar island is taking place randomly on large mono-atomic terraces. However,
individual molecules cannot be resolved at this scale.

A second STM image (2.16.b), obtained at smaller size allowed us to identify
the origin of this 2D molecular structure. We can see that bright squares observed
on the large scale STM image are constituted of three molecules aligned side by
side. Interestingly its appears that two adjacent trimers have opposed molecular
orientations.

The detailed structure of the film will be treated in section 2.3.3, however,
an important information concerning the relative position of these trimers and
the substrate can be obtain and is underlined in the figure 2.16.c. Indeed, we
know from the section 2.1.3 that DHTAP molecules adsorbing on Ag(110) with
their long molecular axes aligned with (or close to) the [110] direction have their
central phenyl ring on top of a silver atom of the second atomic Ag layer. If we
look carefully at the alignment of the center of trimers (equivalent to the center
of the molecule in the middle of the trimer), as indicated by dashed yellow lines
in the STM picture, we can see that the center of trimers are in the alignment
with the long molecular axis of molecules localized on the upper part of the
picture, or at half distance between two molecules. This clearly indicates that
the center of a DHTAP trimer is localized between two silver atomic rows running
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in the [110] direction.

On the STM pictures obtained for coverages of 0.67 ML, we can also observe
that 40% of DHTAP molecules adsorb with their long molecular axis close to the
[110] direction and 60% adsorb with an angle of £51+5°. These differences com-
pared to observations done at 0.42 ML is another nice example of the relative
interplay between intermolecular interactions and molecule-substrate interac-
tions.

2.2.4. Discussion

The growth process of DHTAP at submonolayer coverages deposited on different
metal substrates is strongly influenced by the temperature of the substrate as
underlined in the first section. On Au(111), at 250 K, and at low submonolayer
coverage, the growth process is mainly influenced by the molecule-substrate in-
teractions leading to the formation of molecular wires which start to grow on
fcc domains up to the completion of these regions then on hcp domains. DHTAP
forms molecular wires which clearly indicate an influence of the intermolecular
interactions. At coverages around 0.75 ML intermolecular interactions becom
more important due to the increase of the molecular density. Molecular wires do
not follow the herringbone structure of the surface anymore, but start to form
2D molecular domains with particular orientations still reflecting the influence
of the substrate. Monte Carlos simulations are in very good agreement with the
observations made by STM: preferential growth on fcc domains at low cover-
ages, formation of molecular wires, increase (resp. decrease) of the influence
of the intermolecular (resp. molecule-substrate) interactions with the coverage.
Moreover, they suggest a head to tail configuration of molecules constituting
wires.

Another very interesting phenomenon concerning the temperature effect has
been observed for DHTAP deposited on Au(110): the surface reconstruction from
the (1x2) to the (1x3) structure. Above 200 K DHTAP molecules deposited on
a freshly prepared (1x2) reconstructed surface induce a (1x3) reconstruction
of the surface. This phenomenon has already been observed by STM in the
case of pentacene”® deposited at RT on Au(110). Other surface reconstructions
((1x5), (1x6), stepped (1x2)) have been observed for C¢,°* deposited at RT on
Au(110). Unfortunately no information concerning the temperature dependence
of the molecular induced reconstruction could be found. The reconstruction
of Au(110) (1x2) to (1x3) structure is well-known from investigations by the
means of HAS (helium atom scattering), LEED, and GIXD (grazing incidence
X-ray diffraction) for copper-phtalocyanine deposited at RT.*”

In the case of DHTAP on Au(110) deposited at a temperature around 200 K the
appearance of different molecular structures is dependent on the molecular den-
sity. During the early first steps of growth DHTAP molecules adsorb on the sur-
face with a particular orientation (+30+43°) imposed by the substrate. At more
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important molecular density, a new structure is observed, where molecules self-
assemble in dimers in a bridge position between two gold rows running along
the [110] direction. The intermolecular distance is in agreement with a possible
establishment of hydrogen bonds stabilizing the dimers, assuming a head to tail
configuration. In this case the angle between the long molecular axis and the
[110] direction is +50+3°. DHTAP molecules are also observed to adopt a config-
uration with their long molecular axis parallel to the [110] direction. We observe
that the relative proportion of DHTAP lying in these different configurations is
dependent with the coverage. Finally, at coverages close to the monolayer, most
of the molecules are observed with their long molecular axis aligned with the
[110] direction.

On Ag(110) the observations concerning the temperature dependence done in
the first section are still valid. Low temperature depositions first lead to the for-
mation of molecular wires, which are commensurate along the [001] direction. At
coverages of 0.42 ML, the formation of a new kind of wire, not commensurate, is
observed. From STM observations, it seems that the formation of wires, running
along the [001] are mainly influenced by molecule-substrate interactions (com-
mensuration). On the other hand, the formation of wires running in a direction
tilted from +39°, seems to be mainly influenced by intermolecular interactions
(appearance at higher molecular denity and decrease of the intermolecular dis-
tance). In the case of deposition performed at RT the growth of these commen-
surate wires along the [001] direction does not take place, even if most of the
molecules are close to an alignment of their long molecular axis with the [110]
direction. Increasing the coverage leads to the appearance of a new orienta-
tion for the DHTAP molecule deposited at RT. Finally at 0.67 ML the influence
of the intermolecular interactions becomes stronger than the molecule-substrate
interactions which leads to a phase transition and to the formation of a highly-
ordered islands constituted by DHTAP trimers lying in two different orientations.
Moreover, it turns out that the center of these trimers are localized in a bridge
position between two rows of silver atoms running in the [110] direction.

The growth process of DHTAP at submonolayer coverage is strongly influ-
enced by the temperature, which can leads to the formation of kinetically limited
structures, and depends on the balance between intermolecular interactions and
molecule-substrate interactions which leads to the formation of different struc-
tures depending on the substrate symmetry.

92



2.3. DHTAP on noble metal surfaces: above the
monolayer

2.3.1. DHATP/Au(111)

In order to conclude the study of the structure of the first monolayer, we decided
to perform a deposition slightly above the monolayer density to ensure that the
most compact monolayer structure is established. The STM images in figure 2.17
have been recorded for a coverage of 1.07 ML of DHTAP deposited at 250 K on
Au(111).

30 nm

Figure 2.17.: a) STM image (30 nm x 30 nm) of a well-ordered domain of DHTAP
deposited on Au(111) at 250 K. b) STM image (90 nm x 75 nm; U,=1.21
V; 1;=200 pA) of 1.07 ML of DHTAP/Au(111). Black dotted lines underline
domain boundaries and coloured arrows the orientation of the domains.

The image 2.17.a displays a large well-ordered domain (30 nm x 30 nm)
of self-assembled DHTAP. The second STM image, shown in 2.17.b, has been
recorded at larger scale. Some molecular islands corresponding to the formation
of the second monolayer are observed. We will return to this later. A closer in-
spection of this image reveals that a great number of domains are present, which
are indicated by the black dotted lines. These domains possess a particular ori-
entation with respect to the [110] crystallographic direction of the surface, e.g.
the densely packed rows of gold atoms. This direction can be determined unam-
biguously in the STM picture 2.17.b by the presence of the straight monoatomic
steps which run into the [110] direction. Two mirrored domains have been iden-
tified, and we have observed six different orientations for each domain, which
are rotated by 60° with respect to each other. Four of these orientations are indi-

93



cated by red (R) and green (L) arrows in the STM picture. Thus the orientation
of the domains perfectly reflects the symmetry of the Au(111) substrate. It turns
out that the R domain is rotated by 32° and the L domain is rotated by 28° with
respect to the [110] direction of the Au(111) surface.

Right- handed /
domain :
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N domain

\
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Figure 2.18.: a) STM image of the R-domain, white arrow indicates the Au(111)
close packed direction. U,=1 V; 1;=80 pA. b) STM image of the L-domain.
U,=1 V; 1;=80 pA. c) Schematic representation of both domains mirrored by
horizontal reflection (along [112]).

Both R- and L-domain have a unit cell angle of 72+3° and are shown in figure
2.18.a and 2.18.b respectively. The experimentally measured unit cell distances
between two neighbouring DHTAP molecules (measured center to center) in the
long molecular axis direction are r;=1,=1.56+0.08 nm and the second unit cell
vectors have a length of r,=1,=0.61+0.03 nm leading to an estimated molecular
density of 1.11x10** molecules per cm?. The figure 2.18.c displays a schematic
representation of both R- and L-domains and underlines the above-mentioned
mirrored symmetry with respect to the [112] direction.

These results are confirmed by the LEED pattern shown in figure 2.19. The
first image shown in figure 2.19.a allows us to determine the orientation of the
gold surface, relative to the diffraction pattern of the molecular film in the center,
which is not well resolved. A lowering of the electron energy results in the well
resolved pattern shown in figure 2.18.b. A first feature that can be observed is the
six fold symmetry of the LEED pattern and the two symmetry axes, perpendicular
to each other. A close analysis of these LEED patterns and the combination of
the available information allowed us to deduce the schematic representation
displayed in figure 2.19.c.

The software package LEEDpat”® has been used to identify the different spots
of the diffraction pattern using the unit cell parameters and the relative orienta-
tion between the film and the surface determined by STM. In the figure 2.19.c
the unit cell vectors in the reciprocal lattice (r}, r3, 17, and 1) are shown which
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are related to the unit cell vectors determined by STM in the direct lattice. A
schematic view of the surface and the corresponding unit cell of a R-domain are
shown in figure 2.19.d.

Figure 2.19.: a) LEED diffraction pattern of 1.07 ML of DHTAP/Au(111) at an
energy of 43.6 €V revealing the orientation of the close pack [110] direction
in the reciprocal lattice. b) LEED pattern of the same system at an energy
of 17.6 eV. c) Schematic representation of the LEED pattern combining the
orientation of the close packed direction and the information concerning the
DHTAP layer. d) Schematic view of the surface and the unit cell of the R-
domain.

In the figure 2.19.c the green and red spots (indicated by coloured vectors
noted 15 and r}) correspond to first order diffraction spots which are related to
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the r; and 1; unit cell vectors, respectively. We find six spots corresponding to
the R-domain likewise we find six spots for the L-domains due to the symmetry
of the surface. These diffraction spots clearly possess the rotation angle found
in STM images, 28° and 32° with respect to the [110] closed-packed direction
of the Au(111) surface. This indicates that the long molecular axis is oriented
by +2° with respect to the [112] direction of the Au(111) surface. Second order
diffraction spots can also be observed in these directions, however the intensity
of these spots is very low in the LEED pattern. The remaining spots, indicated
again in red and green, correspond to first order diffraction spots attributed to
the linear combination, r{ + rj and I} + I}, respectively. Furthermore, the ratio
of the norm of the vectors r; and rj is very similar to the ratio of the norm of the
vectors r; and ry, which indicates that both STM and LEED experiments are in
good agreement.

Superstructures formed by adsorbates or rearrangements of the surface atoms
can lead to a periodicity of the surface lattice greater than that of the bulk-
truncated single crystal. In these cases, the lattice vectors for the superstructure,
b; and b}, can be related to the lattice vectors of the bulk-truncated surface, aj
and aj, through:

b, = my1a; + mypoa,

by = mg1a; + mosas

The numbers m,; are the coefficients of the superstructure matrix:

m m
M _ 11 12
Moy M2
which is a straightforward way of characterising any superstructure.
The unit cell matrix (irrational due to the non-commensuration between the

film unit cell and the substrate lattice) can also be simply obtained using the
software utility LEEDpat and the results of STM measurement:

6.25 —2.94
M= ( 0.67 1.70 )

The results presented so far have revealed the overall structure and the orien-
tation of the DHTAP films, but the internal structure of the molecular rows has
not been elucidated. The results suggest, however, that an interaction between
rows stabilizes the DHTAP layers. We have thus explored the details of the in-
ternal structure of the layers. The DHTAP molecules, as opposed to pentacene,
do not have a symmetry plane perpendicular to the long molecular axis, as men-
tioned before. It should thus be possible to identify the molecular orientation
from STM images. Unfortunately, STM images of the first monolayer have not
revealed this asymmetry independently of the applied bias voltage, probably due
to screening effects by the metallic substrate. We have thus turned our attention
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to the investigation of the second layer, in which the molecules should be better
decoupled from the substrate.
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Figure 2.20.: a) STM image of the first and the second layer of DHTAP deposited
on Au(111) (at 250 K) acquired in forward direction. U,=1 V; 1,=30 pA. b)
STM image of the same area of panel a) acquired in backward scan direction.
Up=-1V; ;=30 pA. c) STM profile performed on both STM images (a: red;
b: blue). d) Superposition of images a) and b). e) Corresponding ball and
stick model.

Figure 2.20.a shows a STM image of 1.6 ML of DHTAP deposited at 250 K and
obtained at a bias voltage of U,=+1 V. The apparent height of the second layer is
160420 pm (see profiles in 2.20.c (red curve) and 2.21.c), again indicating flat-
lying molecules. It can furthermore easily be seen that the second layer grows in
epitaxy with the first layer.

Concurrently with the forward scan, we have imaged the layer with a sample
bias of Uy=-1 V on the backward motion of the scan for each scan line. The
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resulting image is shown in figure 2.20.b. The two images thus correspond to
exactly the same position on the sample. In figure 2.20.b, an important alter-
ation of the molecular contrast can be seen as compared to figure 2.20.a, clearly
indicating the above-mentioned asymmetry of the molecules.

An increase of the apparent height, from 160+20 pm to 250+20 pm is ob-
served and shown in figure 2.20.c. This suggests that we are tunnelling into the
molecular orbitals of the compound at the bias voltage U,=-1 V. However, the
identification of the individual DHTAP molecules becomes more difficult in this
case. We have thus superposed the two images, which resulted in the image
displayed in figure 2.20.d. Here the individual DHTAP molecules can easily be
identified in the second layer, and, moreover, the above-mentioned asymmetry
is clearly visible.

A bright lobe can be identified for each DHTAP molecule, which is either on
the right-hand side or the left-hand side of the molecule. We can, therefore,
confirm a head-to-tail arrangement of the DHTAP molecules in adjacent lines,
which gives rise to N-H- - - N hydrogen bonding between adjacent molecules.
Based on the unit cell parameters and orientations deduced above, we propose
the model of the R-domain shown in figure 2.20.e. One should note that our
measurements do not unequivocally allow assigning a specific adsorption site to
the DHTAP molecules but rather show the orientation of the long molecular axis
with respect to the substrate. From this model we can deduce the length of the
N-H- - -N hydrogen bonds, which corresponds to 3.3 A. This bond length is well
within the typical range for N-H- - - N hydrogen bonds proposed by Steiner et
al.”” which is 2.5 A to 3.4 A,

Taking into account the head to tail arrangement of the DHTAP molecules
along a molecular row allows us to determine a new unit cell for this system with
the following parameters: b;=1.56+0.08, b,= 1.22+0.06 nm and §=72+3°.

Due to the excellent order of the DHTAP thin film grown on Au(111), the
growth properties have been studied up to the beginning of the formation of the
fourth monolayer. The STM image displayed in figure 2.21.a illustrates the long
range order of the film deposited at 250 K and confirms the observation made
in the figure 2.10.f concerning the fact that boundaries of well-ordered domains
follow the elbows of the underneath substrate (indicated by white dashed lines).

The STM image shown in figure 2.21.b illustrates the growth mode observed
for DHTAP on Au(111) under these conditions: the Stranski-Krastanov mode. In
this case the formation of 3D molecular islands takes place after the formation of
two complete monolayer of DHTAP. This image has been recorded for a coverage
of 2.6 ML. The layer in blue corresponds to the second monolayer, the yellow is
the third monolayer and we can observe the beginning of the formation of the
fourth monolayer, constituted of seven DHTAP molecules grown in epitaxy with
the molecules of the underneath layers.

The apparent height of DHTAP in this case is 250420 pm, for both third and
fourth layers, as shown in the figure 2.21.d. Due to the epitaxial growth of
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he layers the unit cell parameters remain unchanged compared to the unit cell
parameters defined for both first and second layers. The increase of the apparent
height is in fact due to the applied bias voltage (-1.4V) which allows to image
molecular orbitals of DHTAP, as in the case of the STM image 2.20.b obtain a a
bias voltage U,=-1 V.
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Figure 2.21.: a) STM image (150 nm x 150 nm) of 1.6 ML of DHTAP on Au(111)
deposited at 250 K. U,=1.6 V; ;=50 pA. b) STM image (30 nm x 30 nm) of
2.6 ML of DHTAP on Au(111) deposited at 250 K. U,=-1.4 V; ;=20 pA. Note
the appearance of DHTAP molecules of the fourth layer before the completion
of the third, illustrating a Stranski-Krastanov growth mode. ¢c) STM profile
corresponding to the red line in a). d) STM profile corresponding to the red
line in b).

2.3.2. DHATP/Au(110)

The STM images obtained for a coverage of 1.1 ML of DHTAP deposited on
Au(110) are displayed in figure 2.22.
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Figure 2.22.: STM image of 1.1 ML of DHTAP on Au(110) deposited at T=200
K. a) 150 nm x 150 nm; U,=0.88 V; ;=40 pA. b) After annealing one night
at room temperature. 150 nm x 150 nm, U,=1.1V, 1;=30 pA. c) 35 nm x 35
nm; U,=0.71 V; ;=90 pA. d) Same sample after annealing; 35 nm x 35 nm,
Up,=-1V, 1;=50 pA. e) STM profile corresponding to the red line in c).
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Image 2.22.a (150 nm x 150 nm) has been obtained after a deposition at 200
K. DHTAP molecules can be identified in the second layer, however no order at
large scale can be observed. The limited diffusion of DHTAP at the temperature
used during deposition can be the reason why no ordered structure is observed.
The STM image 2.22.b has been recorded after annealing this sample for one
night at RT under UHV conditions. We observe that the annealing leads to the
formation of long molecular wires on the top of the first monolayer. This can
be explained by a more important diffusion at RT of DHTAP molecules localized
on top of the first monolayer. These wires observed in second monolayer show
an apparent height of 140+20 pm, however, the resolution of STM images does
not allow us to determine with accuracy the distance between two neighbouring
molecules. The irregular form of these wires suggests that the molecule in the
second layer are not in epitaxy with molecules of the first layer.

Images 2.22.c and 2.22.d correspond to a zoom of the previous images. At this
scale it is possible to resolve individual molecules constituting the first monolayer
and we can observe that most of molecules adopt an orientation with the long
molecular axis in alignment with the [110] direction. This is in agreement with
the trend observed in the previous section, where the DHTAP orientation evolves
with the molecular density to finally lie mostly with the long molecular axis
parallel to the [110] direction.

After deposition at 200 K (figure 2.22.c), only a few molecules are oriented
with an angle of +704+10° and the distance between molecules with these orien-
tations constituting structures along the [110] direction is 0.664+0.05 nm. These
measurements are not in agreement with a commensuration between the sub-
strate and molecules showing these orientations. The orientation of this struc-
ture, and the previous observations suggest that this structure arises from a re-
organization of the previously observed structure displaying an orientation of
+50+3°. It seems that this reorganization leads to the formation of a kinetically
limited structure, due to the combination of an increase in the molecular density
and the limited diffusion of the molecules, due to the low temperature of the
substrate during deposition.

Another interesting point concerning the structure of the first monolayer is re-
lated to molecules oriented with the long molecular axis along the [110] direction.
It clearly appears that molecules in this configuration also tend to be aligned
side-by-side along the [001] direction. A profile along this direction (shown in
figure 2.22.e, corresponding to the red line in the STM image 2.22.c) clearly
shows three different apparent heights for the DHTAP molecules, and a com-
mensuration of this structure constituted by four molecules (indicated by blue
arrows) and the underneath substrate. The intermolecular distance between
these molecules with different apparent height is 0.61+0.05 nm. This periodic
structure has been already observed at a coverage of 0.89 ML (see subsection
2.2.2, figure 2.13.e and 2.13.f). A model for this structure will be introduced
later.
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After the annealing of this sample for one night at RT, interesting changes are
observed: on the large scale image (2.22.b) we clearly observe that molecules
constituting the second layer self-assemble to form longer wires. In the STM im-
age in figure 2.22.d we can see that molecules constituting the first monolayer
are now all aligned in the [110] direction. No molecules are observed with a
tilted geometry anymore. This indicates that performing an annealing at RT of
a complete monolayer leads to the reorganization of some of the molecules con-
stituting the first layer, but without the reconstruction of the substrate (from the
(1x2) to (1x3) structure) that has been observed for annealing of submonolayer
coverages performed at RT.
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Figure 2.23.: a) STM image of the ordered first monolayer after annealing a RT
(5.4 nm x 8.5 nm, U,=0.88 V, ;=50 pA). b) Corresponding ball and stick
model (top view). c) 2D-autocorrelation of the STM picture in a), allowing
a precise determination of the periodicity. d) Side view of the ball and stick
model.

As discussed before, the complete monolayer shows an ordered structure, es-
pecially after annealing at RT, where all molecules are oriented with the long
molecular axis parallel to the [110] direction. The first monolayer of DHTAP
shows domains with particular high symmetry as depicted in the figure 2.23.a.
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Figure 2.23.c is a 2D-autocorrelation of this STM image which underlines the
periodicity of this structure and allows a precise determination of the unit cell pa-
rameters: b;=2.474+0.1 nm; by=1.7240.1 nm, §=58=+5°. The unit cell contains
four DHTAP molecules. From these measurements we can estimate a molecular
density of 1.11x10'* molecules per cm?.

Apparent heights of these molecules are different, as underlined before, and
allow a classification in three types: darkest molecules in a lower position, in-
termediate molecules (x2) with an apparent height around 50 pm above darkest
molecules and finally, brighter molecules, on top, with an apparent height larger
by 85 pm, still referring to the darkest molecule (see figure 2.22.¢e).

Moreover, the length and the orientation of the unit cell vector b, is in good
agreement with a commensuration between the molecular structure and the sub-
strate: in the case of the (1x2) reconstruction, the distance between gold rows
along the [001] direction is 0.816 nm. The distance between two molecules show-
ing the highest apparent height is equal to three times this value (2.47+0.1 nm).
The distance between the darkest and the brightest molecule along the [001]
direction is 1.23+0.05 nm. This can explain differences observed in apparent
heights: assuming brighter molecules are localized on top of a gold row, the clos-
est darkest molecule in the [001] direction is consequently localized between two
gold rows. Consequently, the two other molecules, with intermediate apparent
height are localized at intermediate positions. Interestingly, the intermolecular
distances between these molecules with different apparent heights is constant
along the [001] direction (0.61+£0.05 nm; see STM profile in 2.24.b).

Considering all these observations and assuming the brightest molecules are
localized on top of the gold row running on the [110] direction, we propose the
commensurate model depicted in figure 2.23.c (a side view of the ball and stick
model is shown in figure 2.23.d).

Red circles correspond to Au surface layer. Yellow circles are gold atoms in
the second layer and white circles are Au atoms located in the third layer. Note
that the position of the DHTAP molecule along the [110] direction relative to the
substrate (central benzene ring on top of a gold atom) is arbitrary. We assume
that DHTAP molecules with highest and lowest apparent height adsorb with their
molecular plane parallel to the surface. Molecule showing intermediate appar-
ent heights are assumed to adsorb on the substrate with their small molecular
axes tilted with respect to the surface plane due to two considerations: In the
first place, the width of these molecules appears reduced in STM image 2.23.a
and 2.24.a. The second reason is related to the underneath substrate: if DHTAP
molecules with highest and lowest apparent heights are effectively localized on
top and between two rows of gold respectively, the molecule with intermedi-
ate apparent height will be localized on top a (111) micro-facet. This suggests
that the molecules observed at these positions will adsorb with a titled angle.
DHTAP molecules are represented in a head to tail configuration in agreement
with the observation done for DHTAP/Au(111). Unit cell parameters of this com-
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mensurate model, b;,=24.47 A, b,.=16.57 A, 6.=60.5 ° and the corresponding
molecular density (1.13 x 10'* cm™2) are in very good agreement with the STM
measurements. The corresponding matrix of this structure, with respect to the
unreconstructed Au(110) surface, is:

6 0
v (55)

Despite the very high organization of molecular structure observed in this case,
different kinds of defects can be observed in the first monolayer, which prevent
the formation of larger domains, as in the case of DHTAP deposited on Au(111).
Indeed, this well-ordered structure is not observed at very large scale, the pe-
riodicity is rarely observed on domains larger than 10 x 10 nm?. This can be
explained by several reasons.
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Figure 2.24.: a) STM image of 1.1 ML of DHTAP deposited at 210 K showing a
mirrored domain. (7.8 nm x 7.8 nm, U,=1.13 V, [;=40 pA). b) STM profile
corresponding to the red line in a). c) Ball and stick model corresponding to
the structure underlined by red circles, side view.

In the first place, due to symmetry considerations, mirrored domains can be
observed. In this case, by,,, b,,, and 6,,, unit cell parameters of the mirrored
unit cell, are identical to the unit cell parameters by, b, and 6 respectively. The
unit cell vectors b; remains aligned with the [001] direction. A STM image of this
mirrored domain is depicted in figure 2.24.a.

Another kind of defect can be observed in this STM picture and is underlined
by red circles. In this case only two molecules, with similar apparent heights, are
observed between two brighter DHTAP molecules (see STM profile in 2.24.b).
The distance between these two brighter molecules, from center to center along
the [001] direction, is 1.64+0.1 nm. This distance is in very good agreement with
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a commensuration between this molecular structure and the Au(110) substrate.
A decrease in intermolecular distances is clearly observed and underlined in the
STM profile. Moreover, the intermolecular distance between molecules involved
in these defect is not constant: a smaller distance between the molecules with
the lower apparent height is observed compared to the distance between these
molecules and the closest DHTAP with higher apparent height. On the same
STM profile, we can observed that the distance between molecules constituting
the ordered structure depicted in figure 2.23 is more important and constant.
These observations suggests that the molecules involved in the defect have their
small molecular axes tilted with respect to the surface plane, as underlined in
figure 2.24.c. This leads to the formation of a more compact molecular structure
compared to the above-mentioned domain.

Furthermore, we observed in STM images obtained after annealing (2.22.b
and 2.22.d) “black” stripes along the [110] direction. In the STM image de-
picted in figure 2.25.a and the STM profile in figure 2.25.b we can see that
two molecules are present in this depression and show apparent heights lower
than all the other DHTAP molecules (see arrows in the STM profile).
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Figure 2.25.: a) STM image of 1.1 ML of DHTAP after annealing at RT showing
defects (9.9 nm x 13.5 nm, U,=1.13 V, |;=40 pA). b) STM profile correspond-
ing to the red line in a).

The fact that after annealing no molecules are observed with a tilted angle
suggests that they reorganize during this process, to lie with their long molecular
axis parallel to the [110] direction. But this implies that the (1x2) reconstructed
surface can be exposed during this molecular reorganization and we know that
for temperature above 200 K a reconstruction of the surface can take place. In
this case, these black stripes could be due to a release of one part of gold atomic
rows. This is a hypothesis which can explain these kinds of defects observed only

105



after annealing the sample at RT.

Even if the growth of well-ordered structure is feasible at very small scale un-
der particular conditions of temperature, the great number of defects (mirrored
domains, different molecular structures, reconstruction of the surface above a
certain temperature) prevents us to grow larger ordered domains of DHTAP on
Au(110).

2.3.3. DHATP/Ag(110)

The STM image depicted in figure 2.26.a has been recorded after the deposition
of DHTAP on Ag(110) at 180 K. Molecules constituting the first monolayer show
the orientations observed previously for depositions performed at low temper-
ature and submonolayer coverages. Most of them show their long molecular
axis aligned with the [110] direction, or show an angle of +39+5° with respect
to this direction. Other molecules, on the upper right part of the STM picture,
are observed to adsorb on top of the first monolayer. The intermolecular dis-
tances of 0.58+0.05 nm and apparent heights of 1904+10 pm suggest that DHTAP
molecules adsorb with their short molecular axis slightly tilted from the surface
plane in the second layer.

Figure 2.26.: a) STM image of an equivalent of 0.74 ML of DHTAP on Ag(110)
deposited at 180 K (13 nm x 13 nm; U,=0.7 V; ;=40 pA. Molecules are local-
ized on top of the first monolayer. b) STM image obtained after a deposition
of 1.IML (50 nm x 50 nm; U,=0.4 V; 1;=200 pA). Molecules of the second
monolayer do not show any particular long range order.

The molecular density, calculated using several STM images of this deposition,
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is 8.32x10' cm~2 which is equivalent to 0.74 ML compared to the density of the
highly-ordered structure observed in first monolayer which will be describe in
detail just below. Increasing the coverage at LT leads to the growth of a rather
disordered second monolayer as observed in figure 2.26.b. Intermolecular dis-
tances and apparent height measurements are similar to those observed in image
2.26.a, which again suggests that the short molecular axis of DHTAP molecules
adsorbed on top of the first monolayer is tilted from the surface plane and con-
firms the fact that no well-ordered growth is observed for deposition performed
at low temperature.

In these cases, the temperature of the substrate during the deposition is too
low and leads to the formation of molecular structures trapped in a kinetically
limited state in the first monolayer. The commensuration between the substrate
and molecular structure composed of DHTAP oriented with the long molecular
axis parallel to the [110] direction underline the fact that, at low temperature,
molecule-substrate interactions are favoured at the expense of the intermolecu-
lar interactions. This phenomenon is similar to the one observed in for DHTAP
deposited at low coverage on Au(111) at 170 K.

Figure 2.27.: a) STM image of DHTAP on Ag(110) deposited at RT (80 nm x
60 nm; U,=0.5 V; ;=50 pA). b) STM image of the highly-ordered first layer
(15 nm x 15 nm; U,=0.61 V; 1;=50 pA). c) 2D-autocorrelation of the STM
picture b).

A STM image, which was recorded after annealing this sample for one night
at RT is shown in figure 2.27.a. We observe the formation of well-ordered 2D
domains and practically no molecules are on top of this layer except maybe for
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a single island showing an apparent height of 0.8 nm. Molecules which are not
involved in 2D molecular assembly can also be observed in the center of the STM
picture and close to the step edge in the upper right corner. The resolution of the
STM image combined with the large scale prevent from clearly distinguishing
DHTAP molecules in these domains.

The STM image in figure 2.27.b is a zoom of the ordered domain, where
the resolution allows us to distinguish individual DHTAP molecules and deter-
mine precisely the structure of the film. Molecules (the long molecular axis has
been indicated white stripes in the lower left part of the image) self-assemble in
aggregates of three molecules with two orientations, mirrored along the high
symmetry direction of the Ag(110) substrate. An intermolecular distance of
0.60+0.03 nm has been determined between these three DHTAP molecules. A
2D-autocorrelation picture of the STM image 2.27.b is depicted in 2.27.c and re-
veals clearly the periodicity of the 2D structure, represented by the white rectan-
gle. The determination of the unit cell parameters from 2D-autocorrelation im-
ages leads to the following unit cell parameters: b; = 2.474+0.1 nm; b,=2.15+0.1
nm; #=90+3°; angle between b, and [110]: 0+2°.
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Figure 2.28.: Ball and stick model for DHTAP/Ag(110) corresponding to our
observations. Red dashed lines represent the primitive unit cell determined by
STM and the black lines represent the unit cell of the commensurate model.

Combined with apparent height measurements, it appears that DHTAP mole-

108



cules involved in this structure adsorb on the surface with their molecular planes
parallel to the surface plane. Moreover, an angle of +51+5° is measured be-
tween the long molecular axis and the [110] direction. It appears that two ad-
jacent rows of trimers (along both [110] and [001] directions) have opposed ori-
entations. From the unit cell parameters and the fact that the unit cell contains
six molecules, the molecular density of the first monolayer can be calculated:
1.13x10* molecules per cm?. The unit cell parameters strongly suggest a com-
mensuration between the film and the substrate, especially in the [001] direction
(b;=6 x a[001]). Along the [110] direction, we observe b,~7.5 x a[110], suggest-
ing that the commensuration between the substrate and the film involves two
molecular unit cells along the [110] direction. Moreover, we determine in the
section 2.2.3 that the center of molecular trimer is localized between two rows
of silver running in the [110] direction. From all these observations we propose
the model shown in figure 2.28.
The corresponding matrix of this model is:

6 0
Mc_(O 15)

Unfortunately we didn’t have access to the Ag(110) sample long enough to
investigate a complete monolayer of DHTAP deposited at RT and the formation
of the corresponding overlayers. However, our investigations show that the for-
mation of a highly-ordered first monolayer can be achieved if depositions are
performed at RT, or after annealing a sample prepared at low temperature. Fur-
thermore the high degree of organization shown in the first layer would provide
an interesting template for the growth of subsequent layers.

2.3.4. Discussion

STM results and model parameters proposed for the observed well-ordered struc-
tures of DHTAP on Au(111), Au(110) and Ag(110) are summarized in the table
2.2,

We observe on all substrates that the formation of a well-ordered first mono-
layer is possible, which depends strongly of the temperature as illustrated in this
case for DHTAP deposited on Au(110) and Ag(110) surfaces.

It has been shown that DHTAP grown on Au(111) at 250 K neighbouring
molecules are in a head to tail configuration. We can note that the LEED diffrac-
tion pattern is not sensitive to this head to tail configuration, but is in very good
agreement with STM measurements. The intermolecular distance, measured
normal to the long molecular axis, is close to 0.58 nm (see table 2.2). This value
and the head to tail configuration are in very good agreement with the establish-
ment of hydrogen bonds between neighbouring molecules. We therefore suggest
that this head to tail configuration is also adopted in the case of the first layer of
DHTAP grown on Ag(110) at RT and Au(110) at temperatures below 200 K. On

109



Ag(110), the formation of molecular trimers showing intermolecular distances
of 0.6 nm is in agreement with a formation of hydrogen bonds between neigh-
bouring molecules. On Au(110) we observe variations of the apparent heights
of the molecules constituting the ordered domains in the first monolayer (figure
2.23 and 2.24). These variations of apparent height are attributed to different
adsorption sites on the reconstructed (1x2) Au(110) surface.

Surface Au(111) Au(110) Ag(110)
T deposition 250 K 200 K RT
= Unit cell b;=1.56£0.08nm | b;=2.474+0.1nm | b;=2.474+0.1nm
5‘) parameters by,=1.22+0.06nm | by=1.724+0.Inm | by=2.154+0.1nm
0=T72+3° 0=58+5° 0=90+5°
Molecul
doertelzi;r 1.11x10cem ™2 1.11x10"cm 2 1.13x10™cm ™2
g Unit cell blC:2.45nm blc:2.45nm
S | parameters / by.=1.66nm by.=4.33nm
0.=60.5° 0.=90°
Molecular
density / 1.13x10%cm 2 1.13x10cm 2
Intermolecular distance 0.5840.03nm 0.6140.05nm 0.60£0.03nm

Table 2.2.: Summary of the parameters of the different well-ordered structures of
DHTAP deposited on noble metal surfaces.

The growth of well-ordered domains of DHTAP/Au(110) has been achieved us-
ing low temperatures in order to avoid the reconstruction of the substrate to the
(1x3) structure. The commensuration between the unit cell and the atomic lat-
tice suggests relatively strong interactions between the substrate and the DHTAP
molecules. The growth of the second layer of DHTAP on Au(110) is different
compared to Au(111). DHTAP molecules localized on top of the first monolayer
do not show an epitaxial growth and the formation of small molecular wires is
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observed, instead of the formation of 2D molecular islands. Annealing this sam-
ple leads to the formation of longer wires, due to an increase of the molecular
diffusion. However, even after this annealing process, the second monolayer is
not in epitaxy with the first layer. An interesting point is that the reconstruc-
tion of gold substrate observed for submonolayer deposition performed at RT, or
after annealing a submonolayer film deposited at LT, does not happen after the
deposition of a complete layer of DHTAP at LT. To be more precise, it seems that
a partial reconstruction (release of gold atoms) only takes place when DHTAP
molecules which are not aligned with the [110] direction, are present before the
annealing step.

In the case of Ag(110) the conditions for the formation of well-ordered first
layer are different, and molecular self-assembly is observed only in the case of
deposition at RT, or after annealing a sample deposited at low temperature. In
this case, the self-assembling process leads to the formation of large domains
with a single orientation. It has been shown that the molecular structure is
commensurate with the substrate, and moreover, the unit cell vectors are aligned
with the high symmetry directions of the substrate. The investigation of bilayers
grown at LT suggests that molecules constituting the first layer are trapped in
kinetically limited state, and the limited potential energy does not allow any
reorganization of the molecules with the coverage, as observed on Au(111) at
250 K. Moreover, as in the case of DHTAP on Au(110), the second monolayer of
DHTAP deposited at low temperature on Ag(110) does not grow in epitaxy with
the underneath layer.

Three models have been proposed to describe theses ordered 2D structures
observed for DHTAP deposited on Au(111), Au(110) and Ag(110) based on our
STM investigations. In the case of DHTAP deposited on (110) metals a com-
mensuration between the molecular structure and the substrate is established,
suggesting relatively stronger interactions between DHTAP and (110) surfaces.
This is not the case for the model proposed for DHTAP on Au(111), but in this
model we do not take into account the 23x+/3 reconstruction of the first atomic
layer, but we consider a surface atomically flat, with the interatomic distance of
the bulk structure. All the proposed models are in very good agreement with
STM measurements. Interestingly the molecular densities of these structures
are very similar (1.11-1.13x10' cm~2) despite the fact that their structures and
the substrate structures are completely different. The molecular density of the
monolayer is thus determined by the size of DHTAP molecules.
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2.4. Conclusion of the DHTAP growth

The growth of DHTAP has been investigated on Au(111), Au(110) and Ag(110).
The influence of two important factors has been studied: the temperature and
the coverage. The temperature plays a very important role through the molec-
ular diffusion on surfaces and also concerning the kinetics of growth processes,
which can lead to the formation of metastable structures. The coverage plays
an important role in the balance between molecule-substrate and intermolecular
interactions.

On Au(111), it turns out that the adequate substrate temperature for the for-
mation of highly-ordered domains is 250 K. Indeed, the DHTAP growth at low
coverage performed at 170 K leads to the formation of a kinetically limited struc-
ture and at RT, to the formation of amorphous molecular aggregates. The growth
has been consequently studied for depositions performed at 250 K, from the nu-
cleation up to the beginning of the formation of the fourth monolayer. It turns
out that the nucleation of DHTAP takes place preferentially at the elbows of the
fcc domains of reconstructed surface. The preferential growth of molecular wires
continue up to the completion of the fcc domains, then the formation of molec-
ular wires is observed on hcp domains. These observations are in very good
agreement with simulations of the growth of DHTAP on Au(111).

After the completion of both fcc and hcp domains, a molecular reorganization
takes places, due to the increased influence of the intermolecular interactions
with the molecular density. This leads to the formation of highly-ordered do-
mains after the completion of the first monolayer. Interestingly, the intermolec-
ular distances remain similar during the complete growth process, before and
after the molecular reorganization. The unit cell parameters and the relative ori-
entation between the molecular film and the substrate have been determined by
STM. LEED experiments performed on this system are in very good agreement
with STM results, and confirm the relative orientation between the film and the
substrate.

The investigation of the second layer of DHTAP reveals that the formation of
molecular islands takes place in epitaxy with the first layer, and that molecules
embedded in this well-ordered second layer are in a head to tail configuration
along the unit cell vector b,. From these observations, we assume that DHTAP
embedded in the first monolayer are also in a head to tail configuration and a
non-commensurate model has been proposed. This head to tail configuration
allows for the establishment of hydrogen bonds between molecules of neigh-
bouring molecular rows. The growth has been studied up to the beginning of
the formation of the fourth monolayer. It turns out that molecules remain in
epitaxy with the underneath layer, and a Stransky-Krastanov growth mode is
observed.

On Au(110), the most striking influence of the temperature has been observed:
depositions performed above 200 K lead to the reconstruction of the gold sub-
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strate from the (1x2) to the (1x3) structure. In this case it became impossible
to grow highly-ordered films on this substrate. However, depositions performed
below 200 K do not lead to this reconstruction and the growth has been stud-
ied to coverages up to slightly above the completion of the first layer. It tuns
out that DHTAP molecules deposited on Au(110) adsorb on the substrate with
different geometries depending on the molecular density. At low coverages, iso-
lated molecules are observed which diffuse strongly on the surface, until they
reach a stable position. At slightly higher coverages, stable molecular dimers are
formed which show different orientations as compared to the isolated molecules.
At coverages close to the monolayer, most of the molecules are aligned with
the [110] direction. This evolution of the molecular orientation clearly indicates
an increased influence of the intermolecular interactions at the expense of the
molecule-substrate interactions.

The formation of ordered domains of DHTAP on Au(110) has been observed.
However, the low temperature conditions required to avoid the reconstruction
of the substrate prevents us to grow large well-ordered domains. From our STM
measurements it turns out that DHTAP molecules adsorb in different positions on
the reconstructed substrate, leading to the different apparent heights observed
for these molecules. Assuming the head to tail configuration observed in the
case of DHTAP /Au(111), a commensurate model has been proposed for this
structure, in very good agreement with STM experiment.

The beginning of the growth of the second layer has been studied but it ap-
pears that the formation of a well-ordered second layer does not takes place at
200 K: molecules localized on top of the first layer are trapped in a diffusion
limited state due to the low temperature during deposition. Annealing such a
sample at RT leads to the formation of molecular wires in the second monolayer.
The fact that no epitaxial growth is observed in this case can be related to the
complex structure observed in the first layer which seems to strongly depend on
the substrate structure and on molecule-substrate interactions.

On Ag(110), the growth has been studied at 180 K and RT. It turns out that
at low temperature molecule are trapped in kinetically limited structure. At very
low coverage, the formation of commensurate molecular wires is observed, fol-
lowed by the formation of a second kind of wire at higher molecular density.
Finally, increasing the coverage at this temperature leads to the adsorption of
DHTAP molecules on top of these molecular wires, without any molecular reor-
ganisation. When the growth is performed at RT (or after annealing at RT) an
evolution of the molecular orientation is observed with the coverage. At very low
coverage, DHTAP molecules adsorb on the substrate with their long molecular
axes parallel (or very close) to the [110]. It has also been unambiguously de-
termined that the central carbon ring of this molecule is a top of a silver atoms
of the second atomic layer. Increasing the molecular density leads to a progres-
sive reorganization of the molecules in the first layer to finally form molecular
trimers constituting the first monolayer. In the complete layer two adjacent rows
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of trimers have opposed molecular orientations. These informations, combined
with the unit cell parameters and considering that the molecules involved in
trimers are in a head to tail configuration allowed us to propose a commensu-
rate model for this system.

It is interesting to compare these different systems. It turns out that growth
mode observed for DHTAP could be either a Stransky-Krastanov (established on
Au(111)) or a Franck van der Merve growth mode, due to the fact that the
completion of the first layer arises in each cases before the beginning of the for-
mation of the second layer. It also turns out that the intermolecular distance is in
all case very similar, and suggest the establishment of hydrogen bonds, especially
for Au(111) and Ag(110). However, in the case of Au(110), the different appar-
ent heights and the tilted configuration of some of the molecules constituting the
first layer supposed by our model will have an influence on the establishment of
such bonds between the neighbouring molecules. The molecular densities, de-
termined by STM or from the commensurate models, are also very similar for
each system. This suggests the molecular density of the monolayer deposited on
metallic substrate is determined by the size of DHTAP molecules. It would be in-
teresting to study the growth process and the formation of ordered DHTAP films
on other noble metal substrates to confirm this suggestion. It would also been
interesting to perform density functional theory (DFT) calculations, taking into
account the surfaces and the surrounding molecules for these different systems
in order to confirm the validity of our models.

114



3. Characterisation of bis-pyrene

In this chapter we will present results concerning the bis-pyrene growth (the
chemical structure has been depicted in figure 1.19) on the Au(111) surface by
the means of LT-STM and its optical properties on a BK7 amorphous glass sub-
strate by the means of s-CRDS. Investigations on the growth and optical prop-
erties as a function of the coverage will be presented and the influence of the
substrate temperature will be discussed.

3.1. Growth of bis-pyrene on Au(111)

3.1.1. Overall growth behaviour

In this section will be presented the overall growth behaviour of bis-pyrene on
Au(111) from the innitial stages up to coverages close to 1.5 ML as well as the
effect of the temperature on the molecular self-assembly. Performing several de-
positions of different durations at an evaporation temperature of 530 K allowed
us to determine a stable deposition rate of 0.016 ML min~! using the same cali-
bration procedure as for DHTAP (see section 2.1.1). Directly after deposition the
sample is transferred to the analysis chamber and cooled down to LN, tempera-
ture.

Figure 3.1.: Large scale STM images of bis-pyrene deposited at RT on Au(111).
a) at 0.18 ML coverage imaged with a bias voltage of U,=1 V and a tunnelling
current of ;=40 pA. b) at 0.45 ML coverage at U,=-2 V, ;=50 pA.
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As it can be seen in figure 3.1.a, the initial growth pattern of bis-pyrene is
controlled by the herringbone reconstruction of the Au(111) substrate. After de-
position of 0.18 ML at RT a template-controlled growth pattern can be observed,
which consists of molecular wires attached to the elbows of the herringbone re-
construction. This leads to a 2D patterning of the surface along the herringbone
reconstruction. We can also observe that the growth at this coverage takes place
exclusively on the fcc domains of the herringbone reconstruction. This behaviour
has previously been observed for various molecules®>8788 and also for DHTAP de-
posited on Au(111) and suggests that the adsorption energy of the bis-pyrene is
higher on the fcc domains than on the hcp domains. Increasing the coverage to
0.45 ML leads to the completion of the fcc domains and the formation of molec-
ular wires on hcp domains as shown in figure 3.1.b. This observation confirms
that the initial growth of bis-pyrene is controlled by the herringbone reconstruc-
tion and intermolecular interactions, through the formation of molecular wires.
Interestingly the beginning of the growth process is independent of the substrate
temperature in the range investigated (210 K to RT). The apparent height of
these wires is 160+10 pm (see STM profile in 3.4.c).

If the coverage is further increased, this template-controlled mechanism is re-
placed by self-organization in the now denser molecular layers. Figures 3.2.a,
3.2.b, 3.2.c and 3.2.d show four STM images in which four different ordered
structures can be observed. These will be in the following noted as «, (3, v, and
J structure, respectively.

We observe that disorder persists at the domain boundaries and that some
molecular wires are still present. Two different orientations can be distinguished
for the « structure (localized at the upper and right part in the figure 3.2.a),
which are rotated by 60° with respect to each other, reflecting the symmetry of
the gold surface. Furthermore, we observe the formation of a mirrored domain
(lower left part of the figure 3.2.a) with respect to the high symmetry directions
of the substrate. We can thus conclude that even though the structure of the
domains is due to self-organization, the interaction with the Au(111) still plays
an important role for the overall orientation of the domains.

Molecular structures 3,7 and 0, respectively shown in figure 3.2.b, 3.2.c and
3.2.d, appear for coverage (0.7 ML) slightly above the coverage required to ob-
serve the « structure (0.5 ML). After the completion of the monolayer, the «
structure is not observed anymore.

Furthermore, the formation of the structures v and ¢ is temperature depen-
dent. For films grown at RT, we observed essentially the g structure shown in
figure 3.2.b and in rare cases the structure v, displayed in figure 3.2.c. The
~ structure, as the « structure, shows mirror domains with respect to the high
symmetry directions of the crystalline surface. In the case of the 3 structure, unit
cell vectors are aligned with these high symmetry directions. Theses structures
are also observed with different orientations, rotated by 60° with respect to each
other, reflecting once again the symmetry of the Au(111) surface.
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Decreasing the substrate temperature during deposition leads to the appear-

ance of the § structure depicted in figure 3.2.d and a decrease of the domains
sizes for the [ structure is observed. For deposition performed below RT the ~

structure has never been observed.
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Figure 3.2.: STM images (40 nm x 40 nm) of bis-pyrene on Au(111) showing the
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Apparent heights of all these molecular structures are similar to that observed
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in the case of molecular wires of bis-pyrene at low coverage: 160+10 pm. A
closer look at the images in figure 3.2 reveals that in certain cases an important
conformal modification of the molecule takes place. Whereas the molecules in
the « structure appear to be “banana-shaped”, the molecules in the denser struc-
ture (5, v and 9) seem to be straight. We will come back to this observation
later.

For coverages above the monolayer deposited at RT we observe that the first
monolayer is well-ordered and shows large domains sizes consisting mainly of
the above-mentioned f structure, as displayed in the figure 3.3.a. In this case,
1.1 ML of bis-pyrene was deposited on Au(111) and the second monolayer ap-
pears to grow in a disordered fashion. However, it seems that molecules de-
posited on top of the first monolayer are able to diffuse in order to form amor-
phous islands. This observation is confirmed by the figure 3.3.b, where 1.5 ML
of bis-pyrene was deposited. Again, the first bis-pyrene monolayer is highly-
ordered, no ordered growth in the second layer can be observed. The apparent
height of these amorphous structures is in the range 200-250 pm, which sug-
gests that molecules have different orientations than in the first layer, where an
apparent height of 160+10 pm has been determined.

For deposition above the monolayer performed at temperatures below RT, both
structures (5 and §) shown in figure 3.2.b and 3.2.d are observed in the first
monolayer. The relative amount of the § structure increases with decreasing
temperature. Deposited at 180 K, the first monolayer possesses a lot of defects:
we can observe the formation of an amorphous structure in the first monolayer,
in figure 3.3.c, on the terrace localized on the upper part of the STM picture and
on the left-hand side of the image. The formation of the /3 structure is also clearly
observed in the center and on the left-hand side of the STM picture. On top of
this first layer small aggregates are observed which are randomly distributed.
The resolution does not however allow us to distinguish individual bis-pyrene
molecules. A STM image at smaller scale is shown in figure 3.3.d. Apparent
height measurements carried ou on structures observed on top of the first mono-
layer are in the range 200-250 pm and 350-400 pm. According to the previous
measurements, this can be explained by the adsorption of molecules not lying
strictly flat and the formation of an additional double layer.

Annealing the sample at room temperature for 150 min leads to the reorgani-
zation of the molecular film. Amorphous structures are not observed anymore in
the first monolayer, and only the two above-mentioned structures (5 and §) are
observed. Moreover, the formation of a new organized structure in the second
monolayer can be observed, as shown in figure 3.3.c and 3.3.d. The apparent
height of this structure is 250 pm and the unit cell parameters are a=2.740.2
nm; b=2.9+0.2 nm and §=1144+2°. Unfortunately the resolution is not suffi-
cient to discern individual bis-pyrene molecules constituting this structure. For
the same reason it is not possible to determine the molecular density of this
structure. However, it clearly shows that an ordered growth takes place in the
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Figure 3.3.: STM image of bis-pyrene on Au(111) deposited at different temper-
atures and for coverages above the ML. a) 1.1 ML at RT, 60 nm x 60 nm,
Up=1V, ;=40 pA. b) 1.5 ML at RT, 60 nm x 60 nm, U,=-1 V, ;=50 pA. ¢)
(60 nm x 60 nm) and d) (25 nm x 25 nm) 1.1 ML at 180 K, U,=0.9V, ;=50
pA. e) (60 nm x 60 nm) and f) (25 nm x 25 nm), same sample after annealing
150 min at RT under UHV conditions. U,=-0.5V, ;=70 pA.
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second monolayer.

Interestingly this structure has not been observed in the case of RT deposition.
This implies that diffusion in the second monolayer is slow so that a certain
time is needed for self-organization. For deposition temperatures close to RT
presented in figure 3.3.a and 3.3.b the self-organization has not been observed
because of a rapid sample transfer into the STM where the surface was quenched
to liquid nitrogen temperature. The disorder in the second layer can thus be
explained by the kinetics of diffusion at room temperature.

Apparent height [pm]
g o

(8]
=]

=
T

distance [nm]

distance [nm]

Figure 3.4.: a) STM image (15 nm x 15 nm; U,=0.2 V; ;=10 pA) of 0.18 ML of
bis-pyrene deposited on Au(111) at RT. The resolution allows us to distinguish
the pyrene moieties, the central phenyl ring and the interdigitated alkyl chains.
b) STM image (40 nm x 40 nm; U,=1 V; l;= 300 pA) of 0.8 ML of bis-pyrene
deposited on Au(111) at RT showing a transition from « to  structure. )
STM profile corresponding to the red line in a). d) STM profile corresponding
to the blue line in a).

After having discussed the overall growth behaviour we now turn to the details
of the intermolecular and molecule-surface interactions, which lead to the for-

120



mation of the different structures that have been observed in the first monolayer.
Figure 3.4.a shows a detailed STM image of 0.18 ML of bis-pyrene, which allows
us to clearly identify the origin of the observed pattern. Again the importance of
the Au(111) herringbone structure, which serves as a template, has to be pointed
out. It is obvious that at this coverage, fcc domains are more favourable for the
absorption of the bis-pyrene molecules than the hcp domains.

Furthermore we can clearly distinguish two types of conformers, previously
referred to as “banana-shaped” and straight, which differ in the configuration of
the conjugated molecular backbone. In the case of the “banana-shaped” config-
uration, pyrene moieties are in cis-configuration with respect to the oligopheny-
lene vinylene bridge, whereas in straight configuration, pyrene groups are in
trans-configuration. Note that the trans-configuration is more abundant in molec-
ular wires. Another important point is that we can clearly distinguish the alkyl
chains of the molecules in figure 3.4.a, which are oriented perpendicularly to
the molecular backbone. This particular orientation allows for alkyl-alkyl inter-
actions, which assure the linking between the molecules in the molecular wires.
This is not very surprising since this type of van der Waals interaction mediated
linking of molecules via alkyl chains is a well-known phenomenon.”®

A closer statistical analysis of these STM images gives us some interesting
information. The intermolecular distance, measured from center to center, is
1.7£0.1 nm and the apparent height is 160+£10 pm, as shown in STM profile
in figure 3.4.c. The inter-alkyl distance, d¢s, measured perpendicularly between
two interdigitated alkyl chains, is 0.43+0.05 nm (see STM profile in 3.4.d). This
value is in very good agreement with the value measured for interdigitated alka-
nes chains of different lengths grown on Au(111) in liquid phase.®® The inter-
digitation length of two alkyl chain is 0.94+0.2 nm. The former value can be
compared to the length of an octyl chain of about 1.05 nm. This measurement
strongly suggests that the interdigitation takes place along almost the complete
length of the alkyl chain.

STM image 3.4.b has been recorded for a coverage of 0.8 ML. Several interest-
ing informations can be extracted. First, we observe two o domains (denoted apr
and a;, which are mirrored along the direction [110]), two (smaller) v domains
(noted v and ~;,, also mirrored) and molecular wires without particular orien-
tation surrounding these domains. The most interesting information is related
to the alkyl chain orientation: the molecular alkyl chains of the molecules in
self-assembled domains («, v and mirrored domains) are oriented with the same
orientation along the [110] direction. Moreover, a closer look at this STM image,
especially at the boundaries between « and ~ structure, allows us to conclude
that in order to form the ~ structure the molecules forming the « structure have
to switch from cis to trans-configuration in the denser layer. Alkyl interactions
are also involved in the formation of this « structure where both alkyl chains of
molecules are now interdigitated.
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3.1.2. Structure of the ordered bis-pyrene domains

Due to the important number of ordered structures and the fact that three of
them («, v and §) show mirrored symmetry, we decided to use the following
rules to determine the unit cells parameters:

* the unit cell vector b, is defined as the vector between two molecular cen-
ters showing the smallest angle with the alkyl chain.

* the symmetry (right handed or left handed domains) is defined as a func-
tion of the geometry of the interdigitated alkyl with respect to the b, direc-
tion: if the alkyl chain of the second molecule (after a translation along b,)
is interdigitated on the right-hand (left-hand) side of the first molecule, the
domain is considered as right-handed (left-handed).

* the unit cell vector b, is defined as a function of the symmetry of the domain
and the closest equivalent molecules.

These rules allow us to characterise mirrored domains using the same unit cell
parameters.

We now come back to the structure of the ordered layer observed at a coverage
above 0.4 ML, i.e. the « structure. The resolution of the STM image in figure
3.5.a allows us to distinguish the unit cell of the structure, which contains two
molecules in cis-configuration.

In order to determinate the lattice parameters of this structure we have used
the 2D-autocorrelation image in figure 3.5.b, which clearly shows a trapezoidal
unit cell with the following parameters b;=1.854+0.2 nm, b,=4.34+0.3 nm and
0=120+3°. The molecular density calculated from the unit cell parameter is
2.90 x 10" cm™2.

Statistical studies of the relative orientation between the unit cell and the
gold substrate suggest an angle of 10+5° between b; and the [110] direction.
Furthermore, an angle of 10+5 ° has been determined between alkyl chains and
b,, in very good agreement with the above-mentioned alignment between alkyl
chains and [110] direction.

The fact that this structure exists in six domains with rotation angles reflecting
the symmetry of the Au(111) surface and the formation of mirrored domains
(as shown in figures 3.2.a and 3.4.c) suggests that it should be commensurate.
Thus, we tentatively ascribe the structure to a commensurate overlayer that can
be represented by the following matrix.

76
Ma_(—m 2)

The unit cell parameters, calculated from the proposed model are b;;,;=1.89
nm, by, =4.35 nm, 6,,=121° and the molecular density calculated from these
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parameters is 2.84 x 10'® cm~2. These parameters are in very good agreement
with unit cell parameters and molecular density of the « structure determined
from STM measurements.

Figure 3.5.: a) STM image (10 nm x 10 nm, U,=0.56 V, 1,=200 pA) of a domain
of bis-pyrene/Au(111). Deposition temperature: RT. b) 2D-autocorrelation
of a). c) Ball and stick model corresponding to the proposed matrix for this
structure.

Moreover, the STM image in figure 3.5.a reveals further details concerning
the internal structure of the film. First we can see that molecules adopt the
cis-configuration, which is quite a significant change compared to the trans-
configuration in the crystalline solid (see 1.19) and in denser structures observed
by STM above 0.7 ML. Furthermore, we see that for each molecule only one of
the two octyloxy chains is used for linking with neighbouring molecules due to
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the steric hindering imposed by the cis-configuration.

This « structure is the only self-assembled structure observed for coverages
below 0.7 ML. A closer inspection of the images allows us to determine the dis-
tance between the interacting alkyls to be dcg=0.41+0.05 nm. The interdigi-
tation length of the two interdigitated alkyl chains is 1.040.1 nm and is very
similar to the length observed in the case of the molecular wire, suggesting a
similar interaction. In figure 3.5.c a schematic representation of the structure is
shown, based on STM measurements and calculated matrix, which indicates also
the particular orientation of the layer with respect to the Au(111) lattice. How-
ever, our measurements do not allow us to determine the exact lateral position
of the molecules with respect to the gold atoms. For simplicity we have thus cho-
sen arbitrarily to place the central phenyl ring of the bis-pyrene molecule atop a
gold atom.

If the coverage is increased above 0.7 ML a second ordered structure can be
observed, which is presented in the figure 3.6.a. From the 2D-autocorrelation of
STM images (an example is shown in figure 3.6.b) we can deduce a rectangular
unit cell with the following parameters: b;=3.34+0.2 nm, b,=1.95+0.2 nm and
0=90+3°. From the unit cell parameters we can conclude a molecular density
of 3.11 x 10" cm—2.

Statistical studies concerning the unit cell orientation show that the vectors b,
and b, are oriented along the [112] and the [110] directions of the Au(111) lattice,
respectively. The fact that b; and b, are aligned with high symmetry directions
of the substrate suggests again that the structure is commensurate.

The resolution achieved in the STM picture gives us several information con-
cerning the film structure: molecules adopt the trans-configuration and two dis-
tinct orientations with respect to the Au(111) surface are observed. These ori-
entations are symmetric with respect to both [110] and [112] directions, the alkyl
chains are rotated by +15+4° with respect to the [110] direction. An angle close
to 90° is observed between alkyl chains and the Pyr-OPV-Pyr m-conjugated sys-
tem. Both alkyls chains of each molecule are linked to neighbouring molecules.
These modifications with respect to the « structure lead to the formation of a
denser layer, which is in agreement with the fact that this structure appears for
coverage slightly higher than those for which the « structure has been observed.

We note also that the angle between the alkyl chains and the unit cell vector
b, is +15°, and the distance between the interacting alkyl chains corresponds
to dpcg=0.47+0.07 nm. This value is more important than the value measured
in the case of the « structure, the molecular wire and the value calculated for
the optimal interaction of two alkyl. The length of the interdigitated part of the
alkyl chains is 0.754+0.1 nm. This is a considerable decrease in the interacting
length as compared to the « structure and the molecular wires. These previous
observations suggest a decrease in the interactions between interdigitated alkyl
chains in the 3 structure which could in part be compensated by the fact that
now both alkyl chains of each molecule interact.
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From our measurements we tentatively ascribe the structure to a commensu-
rate overlayer, however, it appears that the only matrix describing a commensu-
ration between the molecular structure and the substrate contains two molecular
unit cells along the b, vector:

26 13
= 7)

Figure 3.6.: a) STM image (10 nm x 10 nm; Uy=1.5 V; ;=60 pA) of [ structure.
Deposition temperature: RT. b) 2D-autocorrelation of a. ¢) Ball and stick
model corresponding to the proposed matrix for this structure. The primitive
unit cell determined by STM is indicated by red dashed lines. The unit cell cor-
responding to the model is indicated by black lines and contains two primitive
unit cells (red dotted rectangle) along the [112] direction.
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The unit cell parameters of the proposed model are b;;;=6.49 nm (~2b,),
byy,=2.02 nm, 0,,=90° and the molecular density calculated from these pa-
rameters is 3.05 x 10 ecm~2 which is in very good agreement with unit cell

parameters and molecular density of the 3 structure determined from STM mea-

surements. A schematic representation of the ( structure, based on STM mea-
surements and calculated matrix, is shown in figure 3.6.c. Again we have placed

pyrene molecule atop a gold

for simplicity the central phenyl ring of the bis

atom.

A second structure has been observed for bis-pyrene deposited on Au(111) at

coverages above 0.7 ML which is shown in figure 3.7.a.

..,....

c) Ball and stick

300 pA) of ~ structure.

=1V, It:

a) STM image (10 nm x 10 nm; U,
Deposition temperature: RT. b) 2D-autocorrelation of a.

Figure 3.7.:

model corresponding to the proposed matrix for this structure.
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This structure has been observed only occasionally for depositions performed
at room temperature. We can see in the STM picture that all molecules adopt
the trans-configuration and show the same orientation on the surface, contrary
to the o and $ structures. Both alkyl chains of each molecule are interdigitated
with the alkyl chains of the neighbouring molecules. From 2D-autocorrelation
(figure 3.7.b) of the STM images we can deduce a trapezoidal unit cell with the
following parameters for the v structure: b;=2.15+0.15 nm, b,=1.70+0.1 nm
and #=61+4°. The molecular density calculated from unit cell parameters is
3.13x 10 cm™2.

Due to the fact that the alkyl chains are aligned with the [110] direction, we can
determine an angle of 15+5° between b, and the [110] direction. Moreover, we
note that an angle of 75° is observed between alkyl chains and the Pyr-OPV-Pyr
conjugated system of each molecule. The interdigitation length is 0.80+0.1 nm
and the distance between interdigitated alkyl chains (d¢s), measured perpendic-
ularly to the alkyl direction is 0.454+0.05 nm. These measurements corroborate
the fact that the molecular density is slightly more important than in the case of
the ( structure. From these measurements, we tentatively ascribe the structure
to a commensurate overlayer, which can be represented by the following matrix:

8 6
we37)

Unit cell parameters of the proposed model are b;;;=2.08 nm, b,;,=1.80 nm,
0),=57.8° and the molecular density calculated from these parameters is 3.16 x
10'3 cm~2 which is in good agreement with unit cell parameters and molecular
density of the § structure determined from STM measurements. A schematic
representation of the structure is shown in figure 3.7.c. The central phenyl ring
of the bis-pyrene molecule has been placed atop a gold atom for simplicity be-
cause our STM measurements do not allow us to determine the precise position
of adsorption.

The last highly-ordered structure observed for bis-pyrene grown on Au(111)
and observed above a coverage of 0.7 ML is the § structure (see figure 3.8.a).
As mentioned above, this structure has been observed only for depositions per-
formed below RT, and is in competition with the formation of the g structure
from the « structure: we observe that the ratio of the § with respect to the
structure increases with decreasing deposition temperature. In the STM image,
we can easily see that in this case molecules are all oriented in the same direc-
tion and adopt the trans-configuration. Both alkyl chains are interdigitated and
the unit cell is again trapezoidal.

The unit cell parameters of this structure, determined from 2D-autocorrelation
of STM pictures (see figure 3.8.b) are: b;=2.15+0.2 nm, b,=1.840.2 nm and
0=54+3°. The molecular density calculated from the unit cell parameters is 3.19
x 1013 ecm~2, which is slightly higher than in the case of the 3 and ~ structures.
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Figure 3.8.:

30 pA) of § domain of

bis-pyrene /Au(111). Deposition temperature: 250 K. b) 2D-autocorrelation

a) STM image (10 nm x 10 nm, U,

of a). c) Ball and stick model corresponding to the proposed matrix for this

structure.

The high resolution achieved in this image gives us interesting information: an
angle close to 90° is observed between alkyl chains and the Pyr-OPV-Pyr com-
plex, as in the case of the 3 structure. Statistical studies concerning the relative
orientation between the unit cell and the substrate lead to the conclusion that
the unit cell vector b, is close (+5°) to the [112] direction and show mirror do-
mains as in the case of the « structure. Moreover, an angle of 15+4° is measured
between the direction of alkyl chains and the unit cell vector b,. The measured
distance between two interdigitated alkyl chains is dcg=0.45+0.05 nm and the
interdigitation length is 0.85+0.07 nm. We can again ascribed this structure to
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a commensurate overlayer, which is described by the following matrix:

5 —4
(75

Figure 3.8.c shows the schematic model corresponding to the proposed matrix.
Again we have placed the central phenyl ring of the bis-pyrene molecule atop a
gold atom. The unit cell parameters of the commensurate model are by, =1.75
nm, by,;,=2.25 nm and #=51.6 °. The molecular density calculated from this
matrix corresponds to 3.24 x 10'® cm~2, which is in agreement with the value
determined by STM. The length variation of approximately 0.15 nm observed for
unit cell vector b, for the 5 and the § structures can be explained by two different
geometries of alkyls interdigitation, as shown in schematic models presented for
both structure (figure 3.6.c and 3.8.c). These variations lead to the formation of
a more compact layer compared to the other self-assembled structures.

Even though we have tentatively assigned the four different ordered structures
to commensurate overlayers, we do not have a formal prove of that assumption.
Moreover, the 23x+/3 reconstruction of the Au(111) surface hasn’t been taking
into account in the proposed models, where interatomic distances of the first
atomic layer of the substrate are considered equal to the interatomic distances of
the bulk structure. We have undertaken LEED measurements of the overlayers
but these have proven to be unsuccessful due to the electron beam damage en-
countered in conventional LEED. No conclusive results have thus been obtained.

3.1.3. Discussion

We compare the properties of the four distinct ordered layers and molecular wire
in table 3.1.

Structure W o) B 7y )
ML density

[10"cm~?] /- 2.90/2.96 | 3.11/3.05 | 3.13/3.16 | 3.19/3.24
STM /model

inter-alkyl

distance 0.43+0.05 0.41+0.05 | 0.47£0.07 | 0.45£0.05 | 0.45%0.05
(dos) [nm]
Interdigtation 0.940.2 1.040.1 | 0.7540.1 | 0.8040.1 | 0.85:0.07
length [nm]|
Conformation | Trans (maj.)/Cis Cis Trans Trans Trans

Table 3.1.: Comparison of the properties of the ordered layers and molecular wire.

From this, we can draw some important conclusions concerning the formation
of the structures. First in the low coverage regime, the growth is template-
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assisted and the linking between the molecules in molecular wires is assured
by alkyl-alkyl interactions. At coverages around 0.39 ML the formation of a
first self-organized two-dimensional structure takes place, the « structure, where
only one alkyl chain of each molecule is interdigitated. The molecular backbone
shows a cis-configuration with respect to the orientation of the pyrene moieties.
The formation of the « structure takes place for molecular densities which are
lower than in the case of the 3, v and ¢ structure. The relative coverage of the
a structure compared to the /3 structure corresponds to 0.93 ML. However, since
this structure is already found at 0.4 ML consequently some disorder must exist
outside the ordered domains. This is corroborated by the STM image in figure
3.2.a.

Another very important point is the temperature dependence of the forma-
tion of these structures: the v structure has never been observed for deposition
performed below RT, whereas both $ and 0 were observed. The § structure
has never been observed for deposition performed at RT, whereas both 5 and ~
(rarely) were observed. The main difference between ¢ and ~ structure, besides
the relative orientation with respect to the Au(111) substrate, is the angle be-
tween alkyl chains and the pi-conjugated molecular backbone, which are close
to 90° and 75°, respectively. This difference can be explained by a different
molecular configuration.

Most interestingly, the inter-alkyl distance (dcg) shows slight variations de-
pending on the molecular structures. Alkyl chains are closer in the case of
molecular wires and the « structure. In the case of the denser structures this
inter-alkyl distance is increasing. Furthermore we also observe that the inter-
digitation lengths are more important for the « structure and molecular wires
and are decreasing for 4, v and § domains. The most important interdigitation
length (1.0+0.1 nm) in the case of the « structure can be attributed to a more
favourable steric environment due to the cis-configuration of pyrene moieties.
On the other hand, the smallest interdigitation length observed in the case of
the g structure (0.75+0.1 nm) can be attributed to the trans-configuration of
the pi-conjugated backbone, and the orientation of the pyrene group observed
in the alignment of the alkyl. This last point can also explain the intermediate
interdigitation length observed in the case of the v and § structure.

To explain this difference we need to consider that pyrene moieties and
vinylene-pyrene moieties of the bis-pyrene compound can rotate at different po-
sition. For better clarity different configurations (this list is not exhaustive) of
the bis-pyrene molecule are schematically shown in figure 3.9. Blue arrows in
figure 3.9.a indicate positions where the rotation of the pyrene moieties can take
place, and red arrows indicate positions where the vinylene-pyrene moieties can
rotate. In figures 3.9.a, 3.9.b and 3.9.c three possible configurations for the cis-
configuration are depicted. Figures 3.9.d, 3.9.e and 3.9.f show two different
trans-configurations (3.9.d and 3.9.f are identical but are attributed respectively
to 5 and 6 domains as underlined by STM pictures).
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The first step is to attribute a molecular conformation for the bis-pyrene mole-
cule involved in the « structure. As we can see in the previous high resolution
STM images, it appears that the pi-conjugated backbone shows a dissymmetry
with respect to the alkyl chain direction, which can be attributed to the confor-
mation depicted in figure 3.9.c.

Figure 3.9.: Different Lewis representations of the bis-pyrene molecule. a),b)
and c) Cis-configuration. d), e) and f): trans-configuration. Coloured arrows
indicate where the rotation can take place. c), d), e) and f) show STM images
of the bis-pyrene observed in the four different structures characterised.

Our STM experiments show that the 3, v and ¢ structures arise from a re-
organization of the previously formed « structure which can be explained by
different rotations of the molecular backbone moieties. The difference observed
in the molecular configuration between ¢ and ~ structure can be explained by
different rotation processes, which lead to a trans-configuration with respect to
the pyrene moieties, but differ from the orientation of the vinylene-phenylene
bridge.

Another interesting point is related to bis-pyrene constituting 5 and ¢ domains
which show the same molecular configuration but a difference in the interdigi-
tated length. This can be explained with respect to the steric hindering imposed
by the configuration of pyrene moieties in the case of the 3 structure. In the case
of the §, the configuration of the pyrene with respect to the interdigitated alkyl
chain of the neighbouring molecule allows for a more important interdigitation
length. This relative configuration of vinylene-pyrene moieties can also explain
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the interdigitation length close to 1 nm observed in the case of the « structure.

From these observations we can conclude to a decrease of the influence of
the alkyl chains interactions, responsible for the formation and the stability of
molecular wires and « structures, with the molecular density.

This comparison between simple lewis model of the molecule and high reso-
lution STM image allows us to explain the different features observed. However,
density functional theory (DFT) calculations have to be performed to be sure of
the molecular configuration, taking into account the surface and the surrounding
molecules.
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3.2. Optical properties of bis-pyrene

The investigation of the optical properties of bis-pyrene molecules will be pre-
sented in this section. Results for conventional UV-Vis measurements performed
in solution and for thick films evaporated under vacuum conditions will be first
discussed. However, conventional UV-Vis measurements do not allow the investi-
gation of the optical properties at very low coverage due to the low sensitivity of
the technique. Surface cavity ring-down spectroscopy is a powerful spectroscopic
technique, which allows the investigation of the optical properties of surface ad-
sorbates at very low coverages (few percent of a monolayer). The theory, the
data treatment and the experimental setup are described in the subsection 1.2.
Here, the investigation of the optical properties of bis-pyrene, using the s-CRDS
technique will be presented. The bis-pyrene films were deposited in the cover-
age from 0.25 to 4 ML on a BK7 amorphous glass substrate. The influence of the
coverage and the temperature will be discussed.

3.2.1. UV-Vis measurements of bis-pyrene

UV-Vis measurements have been performed under ambient conditions for bis-
pyrene in tetrahydrofurane (THF) solution (blue curve) and for a thick film evap-
orated under high vacuum conditions (red curve). The normalized spectra are
displayed in figure 3.10.

== solution
= thick multilayer film
=== fit

Normalized Absorbance [a.u.]

400 450 500 550 600
Wavelength [nm]

Figure 3.10.: UV-Vis spectroscopy of bis-pyrene. Blue spectrum recorded in THF
solution. Red spectrum recorded for a thick film evaporated on BK7. Red
spectrum can be fitted by two Gaussian curves.

We note that in the case of bis-pyrene in THF solution the compound is trans-
parent above 520 nm and shows a single absorption band with a maximum
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at 441 nm. In pyrene-containing compounds this low-energy band can be at-
tributed to the long-axis polarized transition 'L,.°%®31%0 In solution, it appears
that bis-pyrene exhibits a weak positive solvatochromism effect. The absorption
spectrum of the thick film on BK7 is composed of an intense transition band
(with a maximum at 434 nm, again attributed to the long-axis polarized tran-
sition 'L,), and a shoulder at higher wavelength. The compound is transparent
above 550 nm. This spectrum can be fitted by two Gaussian curves, as shown in
figure 3.10, which allows us to determine the position of the second peak: 505
nm. Interestingly, this shoulder has not been observed neither in THF solution,
nor in other solvents. This suggests that this shoulder arises from an interaction
of the transition dipole moment of neighbouring molecules. This phenomenon
is well-known as Davydov splitting'®! in the case of organic crystals.

In order to elucidate the origin of this additional absorption band, the coverage-
dependent optical properties of bis-pyrene deposited on BK7 substrate have been
investigated by s-CRD spectroscopy, which allows to cover the very low coverage
regime inaccessible by conventional UV-Vis spectroscopy. The influence of the
substrate temperature (RT or 120 K) has also been investigated.

3.2.2. S-CRDS of bis-pyrene deposited at LT

In figure 3.11.a, four s-CRD spectra recorded in the wavelength range from 420
to 680 nm are displayed. These spectra have been recorded for molecular den-
sities from 1.6 to 6.6 x 10'® cm~2 (equivalent to 0.5-2.1 ML considering the
molecular densities of the compact structures observed on Au(111), see table
3.1) deposited on a cold substrate (120 K). Depending on the molecular density,
s-CRD spectra show distinct features.

The spectra recorded for the two lowest coverages show an intense transition
band at 434 nm. At coverages of 4.6 x 10'* cm~2 and above, spectra show the
same features as the UV-Vis spectra recorded for thick films deposited on a BK7
glass substrate: an intense transition band at 434 nm, a shoulder around 505
nm, and the compound is transparent above 550 nm. At the lowest coverage
investigated (1.6 x 10'® cm~2) the s-CRD spectrum does not show this shoulder
at 505 nm. In all spectra, the maximum of the absorption band is localized at
434 nm and its position is independent of the coverage. The loss per pass at this
wavelength is linearly proportional to the molecular density, as expected (see
figure 3.12).

In order to visualize the intensity changes at 505 nm, the normalized raw spec-
tra in the range 480 to 540 nm, a region that corresponds to a single set of highly
reflective mirrors, are depicted in figure 3.11.b for molecular densities ranging
from 1.6 x 10"® ecm~2 to 1.2 x 10* em~2 (0.5-3.9 ML). We can clearly observe
an increase in the relative absorption intensity around 505 nm as a function of
the coverage up to a coverage of 6.6 x 10'® ecm~2. For higher film thicknesses,
the normalized intensity of this shoulder remains constant despite the intensity
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Figure 3.11.: S-CRDS spectra of bis-pyrene deposited on BK7 substrate at T=120
K. a) full range spectra (420-680 nm) recorded for four different coverages. b)
Raw data recorded in the range 480-540 nm (single set of mirrors) normalized
at 480 nm recorded for six different coverages.
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Figure 3.12.: Loss per pass measured at 434 nm as function of the molecular
density.
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increase of the peak at 434 nm. It is known that we can observe the appearance
of spectral components at lower and higher energy in the absorption spectrum
of chromophores coupled in different geometries.'? This effect is well-known in
the case of molecular crystals'®! and has been observed in the case of the forma-
tion of amorphous films with local crystalline order.!°>1%* The shoulder is already
visible at a coverage of 3.1 x 10'® cm~2, which corresponds approximately to the
completion of the first monolayer as determined by STM measurements (see ta-
ble 3.1). We attribute the development of this shoulder to a particular molecular
stacking allowing the interaction of transition dipole moments of the first and
the second layer. The fact that this shoulder appears for coverages below the
monolayer suggests the formation of molecular islands. At higher coverages we
observe that the intensity of this shoulder saturates for molecular density above
4.6 x 10" cm~2. This suggests that above this coverage, the interfacial region
between the first layer and the second layer does not increase any more. The
shoulder can thus unequivocally be attributed to the interface of the first and the
second molecular layer.

3.2.3. S-CRDS of bis-pyrene deposited at RT

A second series of experiments has been performed for bis-pyrene deposited on
BK7 at room temperature. Full s-CRD spectra recorded in the wavelength range
from 420 to 680 nm are shown in figure 3.13.a. Three different coverages are
displayed, from 7.2 x 10'2 em~2 (0.25 ML) to 4.2 x 10'3 ecm~2 (1.35 ML). Here
again, only the molecular transition at 434 nm is observed for coverages up to
2.3 x 10'® em~2, and the shoulder appears at coverages of 4.2 x 10'3 cm~2.

The normalized absorbances obtained at different molecular densities and in
the range 480-530 nm are shown in figure 3.13.b. As in the case of the depo-
sition at LT, an increase of the intensity of the shoulder at 505 nm is observed
between 7.2 x 10'2 cm~2 and 2.3 x 10'® cm~2, indicating that the interaction of
molecules in the first and the second layer already takes place at this low cov-
erage. A saturation of the normalized absorption is observed above 4.2 x 10'3
cm~2, which can again be explained by an interaction of the transition dipole
moments of of the molecules at the interface between the first and the second
layer. Note that the saturation of the shoulder takes place at a lower molecular
density in this case compared to a deposition performed at LT, which will be
discussed below.

3.2.4. Discussion

In order to get a better understanding of the changes observed by the means of s-
CRD spectroscopy, we compare these results with the results obtained by STM for
bis-pyrene deposited on Au(111). It is known that the Au(111) surface interacts
weakly with organic adsorbates'® which gives us the possibility to study the
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Figure 3.13.: S-CRDS spectra of bis-pyrene deposited on BK7 substrate at RT. a)
Full range spectra (420-680 nm) recorded for 3 different coverages. b) Raw
data recorded in the range 480-530 nm (single set of mirrors) normalized at
480 nm for four different coverages.

physisorbed bis-pyrene molecules in a weakly perturbed state that should be
similar to the state on BK7 substrate used for the optical measurements.

The informations obtained in the STM studies allow us to discuss with more
details the s-CRD results. First, we know from our STM measurements that the
molecular density of the first monolayer is close to 3.1 x 10!3 cm~2, a value in
the range of molecular densities investigated by s-CRDS measurement. Secondly,
we know that the temperature plays an important role at different stages of
the growth process. The size of the domains observed in the first monolayer is
affected: the lower the temperature, the smaller the domain size. Furthermore,
the temperature also plays a role in the formation of the second monolayer.
Whereas a self-assembled growth takes place at RT (see figure 3.3.e and .f) at
low temperature (180 K) the limited molecular diffusion leads to the formation
of amorphous structures randomly distributed after the formation of the first
monolayer (see figure 3.3.c and .d).

In the case of s-CRD measurements we observe that the interaction of the
molecular transition dipole moments, which is attributed to the formation of the
second layer, already starts below the molecular density expected for a complete
monolayer. This strongly suggests the formation of molecular multi-layers al-
lowing these kind of interactions before a completion of the first monolayer. The
saturation of the signal for molecular density of 4.2 x 10'® cm~2, in the case of
the deposition performed at RT, corresponds approximately to a coverage of 1.35
ML observed in STM. This saturation of the signal can only be explained when
considering different growth modes on Au(111) and BK?7.

On Au(111), we observed a growth mode with a completion of the first mono-
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layer before the second layer starts to grow, independently of the tempera-
ture. Since higher coverages have not been investigated this could either be
a Frank-van der Merwe or Stranski-Krastanov growth mode for the RT deposi-
tion. At LT, the mode can clearly be identified as being of Stranski-Krastanov
type, which is indicated by the presence of structures in the STM images show-
ing an apparent height of two times the apparent height measured for the second
monolayer. On BK7, the appearance of the signal at coverages below the mono-
layer and the saturation of the signal at coverages below an equivalent of two
monolayers suggests strongly a Volmer—Weber growth mode. This is an impor-
tant difference compared to the growth mode observed on Au(111). On BK7 no
complete wetting takes place in the coverage range investigated. As underlined
before, the saturation of the signal takes place at lower coverages in the case of
deposition performed at RT.
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Figure 3.14.: Schematic growth of bis-pyrene on Au(111) and on BK7 substrate
at different coverages and temperatures.

Figure 3.14 displays schematically the growth modes proposed for bis-pyrene
on Au(111) and on BK7 at low and room temperature. It is well-known'% that in
the case of thin film growth, the number of molecular islands strongly depends
on the substrate temperature. Increasing the temperature leads to an enhanced
diffusion, which favours the growth of larger molecular islands. This tempera-
ture effect leads also to a decrease in the density of islands at higher temperature.
The distinct evolution of the shoulder at 505 nm in s-CRD measurements in the
submonolayer regime can thus be explained by the different growth kinetics at
LT and RT, i.e. the formation of fewer molecular islands at RT. This leads to a
saturation of the signal taking place at molecular density lower than in the case
of the LT deposition. The growth mode corresponds however, to a Volmer—Weber
type at the two temperatures as shown in figure 3.14.

The electronic states of the adsorbed bis-pyrene on Au(111) were also inves-
tigated by scanning tunnelling spectroscopy. Local I(V) measurements were per-
formed on top of the pyrene groups and averaged (black line in figure 3.15) in
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order to reduce the noise of the spectra. The differential conductivity dI/dV,
which corresponds to the local density of states (LDOS) of the sample, has then
been calculated from the averaged I(V) curve by numerical differentiation (red
curve). The spectrum clearly shows a bandgap with a residual differential con-
ductivity in the gap, which is due to the Au(111) substrate. From the dI/dV
curve a HOMO-LUMO gap of 2.85 €V can be derived, which is indicated by the
increase of the LDOS below -1.2 eV (HOMO) and above 1.65 eV (LUMO). This
HOMO-LUMO gap of 2.85 €V derived by STS is in excellent agreement with the
optical gap, which corresponds to the transition at 434 nm (2.86 eV). This sug-
gests that the interaction of the bis-pyrene with the Au(111) surface is indeed
weak and thus very similar to the adsorption on the BK7 substrate used for the
s-CRD measurements. The small peaks, which are observed in the region -1 eV
to -0.5 eV, can be attributed to the Shockley surface band of the Au(111) surface,
which is located at -0.5 eV'%” on the clean surface. It has been reported that this
surface state is shifted by the presence of various adsorbates,'%>1% which seems
also to be the case here.

—— single (V)
— averaged I(V)
— calculated dI/dV

AUl APHA)IP

Tunnelling current [nA]

Voltage [V]

Figure 3.15.: Scanning tunnelling spectroscopy of bis-pyrene on Au(111). The blue
curve results from an average of several |(V) measurements. The red curve
has been calculated. A HOMO-LUMO gap of 2.85 €V can be determined from
the calculated dl/dV.

3.3. Conclusion and outlook

In this chapter the characterisation of the growth process, the electronic and op-
tical properties of bis-pyrene molecules deposited on Au(111) and an amorphous
BK7 glass substrate have been presented.

STM experiments show that the growth process and particularly the formation
of the different ordered structures strongly depends on the substrate temperature
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and on the molecular density. The growth process is guided by an interplay
of intermolecular interactions of van der Waals type, due to the interdigitation
of alkyl chains, and molecule-substrate interactions, as for example in the case
of the preferential growth of molecular wires on fcc domains of the Au(111)
reconstructed surface.

The fact that we observe four different ordered structure can be related to the
rather flexible molecular backbone where rotations of pyrene and/or vinylene-
pyrene moieties can take place at different locations. This allows bis-pyrene
molecules to have different geometries leading to the formation of the distinct
structures. For these self-assembled domains commensurate models have been
proposed which are in very good agreement with the STM results.

It appears from our observations that the  structure is the kinetically most
stable structure when films are grown at RT: single highly-ordered domains
can be observed covering entire atomic terraces larger than several hundreds
of nanometres. The ~ structure is rarely observed when bis-pyrene is deposited
at RT and never when depositions are performed at LT. The § structure has only
been observed when molecules are deposited at low LT, despite the fact that this
structure is the most dense that has been observed on Au(111).

We observe that the formation of a second well-ordered layer takes place under
particular conditions: deposition has to be performed at RT, and the quenching
to LN, temperature necessary for imaging has to be done after only a few tens of
minutes to allow the self-organization of the molecules. If these conditions are
not respected, the formation of an amorphous second layer takes place. How-
ever, annealing a sample at RT after deposition leads to the formation of an
ordered structure in the second layer.

Due to the fact that the kinetics of the growth process depends on the molecu-
lar flux and the temperature, it should be possible to grow this ordered structure
by increasing slightly the temperature of deposition or reducing the molecular
flux. Unfortunately, we were not able from our STM experiments to determine
precisely the structure and the organization of bis-pyrene molecules involved in
these well-ordered structures observed in the second layer.

An interesting modification of the optical properties as a function of the cov-
erage has been observed in s-CRD spectroscopy. The appearance, followed by a
saturation, of a shoulder around 505 nm in the optical spectra is observed as a
function of the molecular density. Combining observations from these measure-
ments of the optical properties obtained by s-CRDS with conventional UV-Vis
measurement and STM experiments performed on Au(111) allow us to assign
this modification to an interaction of the transition dipole moments of molecules
of the first and the second layer.

Furthermore, these experiments reveal also that the molecular growth process
on the BK7 glass substrate is a Volmer-Weber growth mode, which is different
from the growth mode observed for bis-pyrene on Au(111). We also observe that
the substrate temperature has a strong influence on the molecular diffusion and
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the formation of molecular structure: higher temperature enhances the molecu-
lar diffusion, leading to the formation of multi-layers islands at lower molecular
density compared to deposition performed at lower temperature.

An interesting experiment that could be done to confirm these observations is
to deposit bis-pyrene molecules on thin oxide films, such as Al,03/NizAl (111),

and investigate the growth process as function of temperature by the means of
STM.
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4. DHTAP/Au(111): chemical
modifications induced by STM

During the STM investigations of DHTAP on Au(111), we observed intriguing
modifications of DHTAP molecules embedded in the first and the second mono-
layer after recording STM images at higher bias voltage. We decided to investi-
gate the electronic properties of these species by STS and compare their prop-
erties to those of the 5,14-DHTAP molecules. During these investigations we
observed that we can in fact use the STS technique to induce chemical modifi-
cations of a selected molecule, and not only randomly over an area scanned at
high bias voltage. After these observations, we also investigated the possibility
of inducing these modifications by applying a pulse voltage and monitoring the
tunnelling current. The following chapter will focus in the first part on the mod-
ifications observed for molecules embedded in the first monolayer, the second
part will focus on modifications observed in the second monolayer, where more
complex modifications are observed.

4.1. Modifications induced in the first monolayer

4.1.1. STM/STS results

The STM image depicted in figure 4.1.a shows DHTAP molecules in the first
monolayer. This image captured our attention due to the presence of molecules
displaying a different shape. Most molecules in the image appear to have the
well-known structure of DHTAP, but 5 molecules show particular features: the
molecular orbitals of these compounds seem to be imaged.

A particularly interesting detail is the fact that these molecular orbitals show
two symmetry axes, along the long and the short molecular axis of the molecule.
Apparent height measurements reveal a difference of 25 pm between DHTAP and
this different type of molecules. Due to the asymmetry of the DHTAP (presence
of H atoms in position 5 and 14) this can only be explained by a chemical modi-
fication of the DHTAP molecule. We thus decided to perform STS measurements
to investigate the electronic properties of these two different kinds of molecules.
The corresponding STS spectra are depicted in figure 4.1.b and 4.1.c. Each STS
measurement has been reproduced several times to ensure the reproducibility of
the results.

In the first case (4.1.b), STS measurements have been performed on a 5,14-
DHTAP molecule, at the position 1 in the STM picture. The spectra obtained
show a metallic behaviour characterised by a non-zero density of states at low
voltages. However, dI/dV curves clearly show a HOMO-LUMO gap of 2.2 eV,
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which is indicated by the steep increase in the LDOS below -0.7 V (attributed
to the HOMO, with a maximum at -1.0 V) and above 1.5 V (attributed to the
LUMO).
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Figure 4.1.: a) STM image (7 nm x 7 nm) of the first monolayer of DHTAP
deposited on Au(111) at 250 K. U,=0.9 V; I;=70 pA. b) STS spectra performed
at the position 1: four spectra were recorded to ensure reproducibility. c) STS
spectra performed at the position 2: four spectra were recorded to ensure
reproducibility.

In the second case (4.1.c), STS measurements have been performed on a mod-
ified molecule at position 2 in the STM image. As in the previous case a metallic
behaviour is observed, characterised by a non-zero density of state in the ob-
served band gap. In this case the HOMO-LUMO gap, indicated by the increase
in the LDOS below -0.7 V (HOMO, with a maximum at -1.05 V) and above 0.6
V (LUMO, with a maximum at 0.85 V), is consequently reduced to 1.3 eV. More-
over, a second increase in the LDOS is observed above 1.5 V and can be tenta-
tively attributed to the LUMO+1.

It is obvious from these measurements that the electronic properties of both
types of molecules are different. Moreover, the STM image 4.1.a has been ac-
quired at a bias voltage of 0.9 V, very close to the peak maximum (LUMO) ob-
served in the STS measurements of the modified molecules. The molecular or-
bitals imaged for the new compound can thus unambiguously be attributed to
the LUMO of this molecule.
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In order to confirm these observations we conducted further STS on the 5,14-
DHTAP molecule at position 3 in figure 4.1.a. The corresponding STS spectra are
displayed in figure 4.2.a.
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Figure 4.2.: a) STS spectra performed at the position 3 of figure 4.1.a: four
spectra are recorded but are not reproducible. b) STM image recorded after
the STS measurements: U,=0.9 V; |,=70 pA.

In this case, STS spectra are not reproducible. For a better clarity, STS spectra
3-3 and 3-4 have been rescaled. The first spectrum (STS 3-1) shows the typical
features of DHTAP as depicted in figure 4.1.b. An increase in the LDOS localized
below -0.7 V, associated with the HOMO, and an increase in the LDOS above 1.5
V, associated with the LUMO, are observed. The second spectrum, 3-2, does not
show this behaviour. An increase in the LDOS is observed below -0.7 V, without
resolving a peak maximum and which can be associated to a HOMO. Another
increase in the LDOS is observed above 0.6 V, with a peak maximum resolved
at 0.85 V. The LDOS decreases then to zero, which differs from the spectrum
3-3, where an increase of the LDOS at higher bias voltage is observed. Note
that changes in STS spectra 3-1, 3-2 and 3-3 suggest that chemical modification
of the molecule occurs during spectroscopy and that the final spectrum, 3-4, is
similar with STS spectra depicted in 4.1.c, which suggests the formation of the
new compound.

The STM image shown in figure 4.2.b has been recorded after the acquisition
of these STS spectra. First, we can observe an alteration of the resolution, sug-
gesting a modification of the tip characteristics (shape, adsorbate at the apex,
...) which can lead to a modification of the tip states and thus to instabilities in
the STS measurements. However, the high resolution of the LUMO on the new
molecular compound is preserved. Secondly, in addition to the five previously
observed modified molecules, three newly modified molecules are observed, in-
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dicated by black arrows. These observations suggest that we are able to induce
a modification of the original 5,14-DHTAP molecules by STS, leading to the for-
mation of the new compound.

To be sure about the reproducibility of these observations, we decided to per-
form further STS measurement on DHTAP molecules. Successive STM images
recorded after each STS measurement (at positions indicated by blue dots) are
displayed in figure 4.3.

Figure 4.3.: a) & b) STM image performed after other STS measurements per-
formed on DHTAP molecules: the process is reproducible. c¢) After several
STS performed on a compound with symmetric orbitals, a new structure with
asymmetric orbitals is observed. STM parameters: U,=0.9 V; ;=70 pA.

The first STM image has been recorded after one STS measurement performed
in the lower part of the image, at the position indicated by a blue circle in the
figure 4.2.b. We can confirm that we induced again modifications in the 5,14-
DHTAP molecules localized under the tip during the STS measurement, leading
to the formation of three new compounds, indicated by black arrows, which have
molecular orbitals with two symmetry axes.

The second STM picture (4.3.b) has been recorded after another STS measure-
ment at the position indicated by the blue circle in the previous STM image. This
STS measurement leads to the formation of four other symmetrical compounds
indicated by black arrows. We also observe that a compound imaged previously
with symmetrical molecular orbitals is now imaged as a 5,14-DHTAP molecule
(white arrow) suggesting that the modification process could be reversible.

After another STS measurement, indicated by the blue dot in the STM image
4.3.b, the STM image in figure 4.3.c has been recorded. We can again denote
a clear change in the resolution between figure 4.3.b and 4.3.c which can be
attributed to a modification of the tip states as mentioned above. We observe the
formation of four additional compounds with symmetrical orbitals, indicated by
black arrows. In addition to that we observe the formation of a molecule im-
aged with different molecular orbitals (shape of a “croissant”, surrounded by
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a white circle). The apparent height of this “croissant” is 80 pm higher than
DHTAP molecules (55 pm higher than the compound showing highly symmet-
ric molecular orbitals) suggesting that the molecular compound is not perfectly
embedded in the first monolayer anymore. It has to be pointed out that this com-
pound with these asymmetric orbitals has been observed only once for STM/STS
experiments performed in the first monolayer. We will return to this point latter.

From these observations, we can conclude that it is possible to induce chemical
modifications of 5-14,DHTAP molecules embedded in well-ordered self-
assembled first monolayer using the tunnelling current. Our observations sug-
gest that the modification leads to the formation of a compound showing molec-
ular orbitals with particular symmetry with respect to the long and short molec-
ular axes.

4.1.2. Discussion

It has been shown recently that it is possible to induce a dehydrogenation us-
ing the inelastic electron tunnelling for various isolated compounds as methyl-
aminocarbyne,'” tetrahydroxybenzene,> Co-N,N’-ethylenebis (salicydeneimi-
nato) complexes,?* tetraphenyl-porphyrin?? or phtalocyanine.!'° This dehydro-
genation has also been (rarely) observed for molecules embedded in well-ordered
monolayers.?® The reversibility of the process has been demonstrated for some
of these systems.26:109:110

As mentioned above, our attention was captured by the symmetry of the
molecular orbitals along the long and short molecular axes. In our case, the two
most promising candidates for the formation of a symmetric compound from
5,14-DHTAP are 5,7,12,14-dihydro-5,7,12,14-tetraazapentacene (THTAP) and
the 5,7,12,14-tetraazapentacene (TAP) because these are the only two molecules
derived from 5,14-DHTAP showing a symmetry along the long and short molec-
ular axes. Consequently, their respective molecular orbitals should show symme-
try along the long and short molecular axes.

The formation of a symmetric compound from 5,14-DHTAP can be conceived
in two different ways: a double dehydrogenation of nitrogen atoms in position
5 and 14, leading to the formation of TAP, or a double hydrogenation of nitro-
gen atoms in position 7 and 12 resulting in the formation of THTAP. We decided
to perform DFT calculations'!! for these compounds and compare the shape of
the molecular orbitals with our STM results. The calculations were done using
GAMESS for single molecules using the B3LYP functional.!'? The chemical struc-
ture and shape of HOMO and LUMO resulting from the DFT calculations are
summarized in figure 4.4 for 5,14-DHTAP, THTAP and TAP.

As expected, the molecular orbitals symmetry reflects the symmetry of the
molecular backbone. Only the symmetry, with respect to the long molecular
axis, is observed in the case of the 5,14-DHTAP. Both TAP and THTAP HOMO'’s
and LUMO’s show two symmetry axes, along the short and long molecular axes.
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Figure 4.4.. DFT calculation performed for isolated DHTAP, THTAP and TAP
molecules.'! The shape of the calculated HOMO and LUMO is shown.

As already mentioned, the STS measurement performed on the compound
showing symmetrical axes combined with the bias voltage used to record the
STM image allow us to unambiguously attribute the molecular orbitals to the
LUMO of the compound. A comparison between molecular orbitals observed
by STM and the shape of the LUMO calculated for TAP strongly suggests that
the modification induced in the 5,14-DHTAP is a double dehydrogenation taking
place at the position 5 and 14. Indeed, the high resolution of the STM images
(4.1.a 4.2.b and 4.3) allows us to unambiguously determine seven lobes consti-
tuting the molecular orbitals, which are aligned along the long molecular axis,
in very good agreement with DFT calculations performed for the LUMO of the
isolated TAP molecule.

It also seems possible that a reversible process occurs, as underlined previ-
ously, where a TAP molecule observed in the lower part of figure 4.3.a is imaged
as a 5,14-DHTAP molecule in the following image (white arrow in 4.3.b) and
then again as a TAP molecule (figure 4.3.c) after another STS measurement.
However, the formation of DHTAP from TAP would require two hydrogen atoms
which have to be incorporated in the TAP molecule. The origin of these hy-
drogens remains uncertain, however, it is possible that these atoms came from
5,14-DHTAP molecules dehydrogenated during the STS measurement. Another
possibility, proposed by Smykalla et al.?° in the case of the reversible dehydro-
genation of tetra(p-hydroxyphenyl) porphyrin molecules, is that hydrogen atoms
released during a previous dehydrogenation of DHTAP adsorb on the tip apex
and are incorporated in the TAP molecule during a following STS measurement.

The TAP molecule has been the subject of a number of publications until
Dutt!!® claimed in 1926 that TAP can be obtained by the condensation of 2,3-
diaminophenazine with 1,2-benzoquinone. However, Badger et al.!'* disputed
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Dutt’s claim in 1951 to have prepared TAP molecules. Numerous attempts have
been made to repeat Dutt’s preparation of TAP, but without success. Many at-
tempts to oxidize the 5,12-DHTAP molecule to the TAP structure were made, but
all proved unsuccessful. The synthesis of TAP molecule by oxidation of 5,14-
DHTAP has also been studied without success by Miao et al.'*> To our knowl-
edge, it is not possible to synthesize this molecule by conventional chemical
ways. However, we are able to produce, in a controllable manner, TAP from the
dehydrogenation of nitrogen atoms localized in position 5 and 14 in the 5,14-
DHTAP molecule embedded in the ordered first monolayer using the tunnelling
current of a STM. This process is very reproducible and leads to the formation of
TAP.

4.2. Modifications induced in the second
monolayer

After having observed that we are able to induce the dehydrogenation of DHTAP
molecules embedded in the first monolayer, we decided to investigate the pos-
sibility of inducing these modifications in molecules embedded in the second
monolayer. Up to now, all STM and STS measurement presented were performed
at liquid nitrogen temperature. In the following part, some STM images and STS
measurements have also been obtained at liquid helium (LHe) temperature.

4.2.1. STM observations

In figure 4.5 successive STM images recorded at coverages of approximately 1.5
ML of DHTAP on Au(111) are displayed. In the first STM image (4.5.a), we
can clearly observe the presence of different molecules in the second monolayer,
which are imaged with resolution on molecular orbitals of various shapes.

Two of these molecular orbitals (indicated by black arrows) show a symmetry
along the long and short molecular axes and can thus be identified as TAP, as it
has been observed in the case of modifications induced in the first monolayer.
Four new compounds (indicated by white arrows) show an asymmetric shape,
looking like a “croissant”, which was observed only once during an experiment
performed in the first monolayer (see fig. 4.3.c). Two other molecules, indicated
by yellow and blue arrows also show an asymmetric shape completely differ-
ent from the “croissant” shape, suggesting the formation of a further molecular
compound derived from DHTAP. STS spectra have been recorded at positions in-
dicated by blue circles in figure 4.5.a. Unfortunately, these STS spectra were not
reproducible, probably due to the complex tunnelling gap involving two molec-
ular layers. However, the STM image in figure 4.5.b which has been recorded
after the STS measurement clearly indicates that, again, modifications have been
induced in several molecules.
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The modified molecules are indicated by arrows of different colours. Note
that the molecule previously indicated by the yellow arrow in STS image 4.5.a
appears now as a 5,14-DHTAP molecule (red arrow). This observation suggests,
as in the case observed in the first monolayer, that the reformation of 5,14-
DHTAP is feasible.

Figure 4.5.: STM image of 1.5ML of DHTAP deposited on Au(111) at 250 K.
Uy,= 1.36 V, I;= 70 pA. a) Several molecules embedded in the second layer
show particular molecular orbitals (coloured arrows). b) STM image recorded
after several STS measurements. Modified molecules are indicated by arrows.
c) STM image recorded after a pulse voltage (-1.6 V, 300 ms) at the position
indicated by a red circle in image b. Two molecules, indicated by red arrows
are now imaged as 5,14-DHTAP. d) Zoom on the structure indicated by the
yellow arrow in image a. €) Zoom on the “croissant” structure (image obtained
at LHe temperature, U,=1.0 V, ;=30 pA).

Image 4.5.c has been recorded after a voltage pulse (-1.6 V, 300 ms) performed
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at the position indicated by a red circle in the STM image 4.5.b. We can observed
that two molecules indicated by red arrows which were previously imaged with
a resolution on molecular orbitals are now imaged as 5,14-DHTAP. The STM
image shown in figure 4.5.d is a zoom performed on the molecule indicated by a
yellow arrow in STM image 4.2.a. We can clearly observe the above-mentioned
asymmetry of the molecular orbitals. The STM image depicted in figure 4.5.e is
another zoom, carried out on one molecule with molecular orbitals looking like
a “croissant”, which underlines clearly the asymmetry of this structure.

4.2.2. DFT calculations and discussion

In order to identify these structures observed in the second monolayer, we de-
cided to perform other DFT calculations!!? for asymmetric molecules derived
from 5,14-DHTAP. The most promising candidates identified due to the asym-
metry of their molecular backbones are the 5-monohydro-5,7,12,14-tetraaza-
pentacene (MHTAP) and the 5,7,12-trihydro-5,7,12,14-tetraazapentacene
(TrHTAP), which are both radicals. We also perform calculation for the 5,12-
dihydro-5,7,12,14-tetraazapentacene (5,12-DHTAP), even if this compound
shows a central symmetry, because it corresponds to a molecular structure that
can be obtained by tautomerisation of the 5,14-DHTAP. The shape of the molec-
ular orbitals, HOMO and LUMO, has been determined for 5,14-DHTAP, TAP and
5,12-DHTAP and the SOMO (singly occupied molecular orbital, due to the radi-
cal nature of the compounds) has been determined for MHTAP and TrHTAP. All
these results, the chemical structure of these compounds and results from STM
experiments are summarized in the figure 4.6.

On the first line a STM image obtained at a bias voltage of -1.2 V for 5,14-
DHTAP in the second monolayer is shown. The STM image and DFT calculation
of the HOMO are in very good agreement. Similar features are observed: two
pronounced lobes at the extremity of the molecule, a big lobe looking like a “but-
terfly” on the left-hand side of the molecules, where N-H groups are localized,
and two other smaller lobes, which appear darker in the STM image. This allows
us to confirm that our calculations performed for isolated molecules are in good
agreement with the molecular orbitals of 5,14-DHTAP molecules embedded in
self-assembled monolayer observed by STM.

As expected, the symmetry of the molecular orbitals reflects the symmetry
of the molecular backbone, as it has already been mentioned for TAP. This is
also the case for the 5,12-DHTAP, which possesses molecular orbitals with point
symmetry (equivalent to rotational symmetry of order two). Molecular orbitals
of MHTAP and TrHTAP, depicted in the second panel, do not show any symmetry.
The similar features observed in the STM images depicted in figure 4.5.d and
4.5.e allow us to unambiguously attribute these structures to the SOMO of the
MHTAP and TrHTAP respectively. The fact we are imaging the SOMO rather
than the LUMO is due to the radical nature of these compounds possessing an
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Figure 4.6.: Summary of the chemical structure, DFT calculation (HOMO,LUMO,
SOMOQ) and STM image related to 5,14-DHTAP and other azapentacenes.!!!

unpaired electron. This suggests that 5,14-DHTAP can either be dehydrogenated
or hydrogenated in the second layer, leading to the formation of these radicals
observed only in the second monolayer.

Radicals are generally highly chemically reactive due to their unpaired elec-
tron, however, under the UHV conditions it is possible that these compounds
are stable. Moreover, it is known that a coupling can take place between the
molecules constituting the first layer and the surface, but it is also known that
molecules localized in the second monolayer are generally better decoupled from
the substrate. This can explain the fact that we observe the formation of MHTAP
and TrHTAP only for the 5,14-DHTAP molecules which are located in the second
monolayer: the radical compound would not be stable when it is in contact with
the metallic substrate. However, in the second monolayer, the radical is stable
due to the presence of the first monolayer. From this observation, a remark con-
cerning the formation of the TAP in the first monolayer can be done: instead
of a double dehydrogenation induced by the tunnelling current, it is possible
that a single dehydrogenation takes place, as in the case observed in the second
monolayer, but, due to the low stability of the compound and its coupling with
the metallic substrate, a subsequent second dehydrogenation might take place,
leading to the formation of a more stable compound: the TAP.

However, during the dehydrogenation experiments performed on the first
monolayer, we observed the formation of a molecular compound showing molec-
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ular orbitals now associated to SOMO of the MHTAP (see figure 4.3.c). But it was
mentioned that the compound showed an apparent height more important than
the other structure. This suggests in this case that this compound is not any-
more embedded in the first monolayer and is consequently decoupled from the
substrate, leading to a better stability of the radical compound formed by the
hydrogenation of a TAP molecule.

Another remark concerning the TrHTAP is that we observe this structure only
rarely during our STM experiments and it appears that this structure is not very
stable: STS measurements performed on these structures always involve the
reformation of DHTAP by dehydrogenation. Moreover, this structure appears
tilted in several STM images, as shown in figure 4.7.
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Figure 4.7.: STM images showing the tilted configuration of TrHTAP in second
monolayer. a) STM parameters: U= 1.36 V; I;= 70 pA. b) STM parameters:
U= 1.2 V; I;= 30 pA. c) STM profile corresponding to the red line in a). d)
STM profile corresponding to the red line in b).

Apparent height measurements depicted in figure 4.7.c and 4.7.d clearly show
that molecular orbital lobes localized at the extremity of the molecules show
different apparent heights. This tilted configuration can be attributed to the fact
that the hydrogenation of one nitrogen atom, at position 7 or 12, does not permit
an establishment of the hydrogen bond with the molecule located on side where
the hydrogenation takes place. Moreover, a steric repulsion due to the incorpo-
ration of this hydrogen atom could occur between TrHTAP and the neighbouring
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DHTAP molecules. That can explain the fact that TrHTAP is observed with a tilted
angle along the long molecular axis.

It has to be mentioned that small differences are observed between the calcu-
lated shape of the molecular orbitals and the STM images of molecular orbitals
obtained in the second monolayer: one part of the features observed in calcula-
tion are not observed. These differences occurs at the positions indicated by the
black dotted lines in the figure 4.8 for DHTAP, MHTAP and TrHTAP. One STM
image is also displayed to support this observation.
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Figure 4.8.: a) Chemical structure of DHTAP, MHTAP and TrHTAP, DFT results
(HOMO of the DHTAP, SOMO of the MHTAP and TrHTAP and correspond-
ing STM images: slight differences between calculations and experiments sug-
gest a slightly tilted configuration along the short molecular axis. b) STM
image (8 nm x 8 nm, ;=40 pA) of the second layer of DHTAP deposited at
250 K. Upper part: U,=-0.5 V; lower part: Uy=-1.2 V

The STM image depicted in figure 4.8.b has been obtained at LHe temperature.
The upper part of the image has been recorded at a bias voltage of -0.5 V, the
lower part at a bias voltage of -1.2 V. A grid has been placed to visualize the
limits between neighbouring molecules in the lower part of the STM image. In
the lower part, the applied bias voltage (negative) indicates that electron tunnel
from the sample to the tip, and more precisely from the HOMO of the 5,14-
DHTAP to the STM tip. Indeed, the resolution allows us to observe with an
extreme precision the shape of these molecular orbitals, which are in very good
agreement with the calculation performed for the HOMO of the isolated 5,14-
DHTAP molecule.

A small part of molecular orbitals calculated using DFT, the part localized
above the black dotted line in 4.8.a, is not well-resolved. This lets us suppose
that the DHTAP molecules of the second monolayer do not lie strictly flat, i.e.
with their molecular planes parallel to the surface, but with a small angle along
the short molecular axis. This can explain the fact that molecular orbitals imaged
by STM for MHTAP and TrHTAP also show these differences compared to DFT
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calculation: one part of the molecular orbitals are not imaged well because these
are screened by the proximity of the neighbouring molecule.

This observation concerning the small tilt of the molecule along the short
molecular axis suggests that one of the hydrogen atoms of the 5,14-DHTAP will
be tilted out of the plane of the second layer more than the other, and intu-
itively we can imagine that this hydrogen atom will be dehydrogenated more
easily than the other. This hypothesis is confirmed by the figure 4.9 which shows
successive STM images, recorded after a voltage pulse measurement inducing
chemical modification.
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Figure 4.9.: a, c-f) Successive STM images recorded after voltage pulse measure-
ments (position indicated by blue circles) at liquid helium temperature. STM
parameters: U,= 0.3 V and l;= 70 pA. b) Typical voltage pulse measurement.
The drop in the tunnelling current indicates the formation of a new com-
pound. g) STM profiles corresponding to the blue and red line in a) and c)
respectively. h) Schematic model underlining the head to tail and tilted config-
uration of 5,14-DHTAP constituting the second monolayer. Arrows indicate
the dehydrogenated H atoms in the molecular row of e).

The figure 4.9.a displays a STM image of the second monolayer of DHTAP on
Au(111). Two molecules, aligned in the same molecular row, show molecular
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orbitals with asymmetric shapes which can now be unambiguously attributed to
the MHTAP molecule. One molecule is imaged with symmetric molecular or-
bitals, which can be attributed to a TAP molecule. Finally, four other molecules
are imaged with a resolution on asymmetric molecular orbitals, but their appar-
ent heights are low compared to the above-mentioned TAP and MHTAP molecules.
Most part of these molecules can in fact be identified as MHTAP molecules,
we will return to this point latter. Concerning the MHTAP molecules with pro-
nounced molecular orbitals, we can observed that the molecular orbitals show
the same orientation (these can be superposed). Combined with the head to
tail configuration of the DHATPs constituting the molecular rows and the fact
that these molecules are separated by just one molecule, we conclude that the
dehydrogenation took place at an identical position for both compounds. The
dehydrogenated atoms of the 5,14-DHTAP are indicated by red arrows in the
figure 4.9.h.

In figure 4.9.b a typical voltage pulse measurement is shown. In this case
we measured the tunnelling current as a function of the time, applying a con-
stant voltage bias of 2.25 V. The strong decrease in tunnelling current can be
unambiguously attributed to fact that a chemical modification takes place in the
original molecule. During this type of measurement it occasionally happen that
an increase instead of a decrease in the tunnelling current is observed which led,
however, to the same modification. Figure 4.9.c and 4.9.d show two other STM
images recorded after voltage pulse measurements performed at the position
indicated by blue circles, we will return in detail to these images latter.

The STM image displayed in figure 4.9.e shows another compound which
can be unambiguously attributed to MHTAP molecules. Note that this time,
the orientation of the molecular orbitals is different from the orientation ob-
served in the STM image 4.9.a: it shows a mirror symmetry with respect to the
short molecular axis. This is in very good agreement with the fact that DHTAP
molecules self-assemble in head to tail fashion: these molecules are separated
by an odd number (3 or 5) of molecules. This means that the dehydrogenation
always takes place on the left-hand side of the molecules, independently of the
head to tail configuration (see figure 4.9.h, the dehydrogenated atom is indi-
cated by a black arrow). This tends to confirm that one of the hydrogen atoms in
position 5 or 14 is more reactive than the other, certainly due to a slightly tilted
configuration of the molecule of the second layer, as indicated in the side view
of the schematic representation in figure 4.9.h.

These observations are confirmed by the following STM image, shown in 4.9.f,
which was obtained after another voltage pulse measurement. One more DHTAP
molecule is dehydrogenated to a MHTAP molecule which shows the same orien-
tation of the molecular orbitals than the MHTAP molecule observed after the
pulse voltage measurement performed in 4.9.d.

Another interesting information can be extracted from these successive STM
images. The image 4.9.b has been recorded after a voltage pulse measurement
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performed at the location indicated by a blue dot in the image 4.9.a. It appears
that this measurement leads to the formation of a compound showing symmet-
rical orbitals that can be identified as a TAP molecule. This proves also that the
chemical state change of a single molecule embedded in a well-ordered molecu-
lar layer by a voltage pulse is possible with molecular resolution.

Furthermore, another modification is observed: the decrease of the apparent
height of one of the molecules previously identified as MHTAP. This decrease is
underlined by STM profile recorded on both STM image 4.9.a and 4.9.c, and
shown in figure 4.9.g. We can see in this profile a clear decrease (70 pm) of the
apparent height of one side of the molecule, indicated by the blue and the red
arrows, while on the other side, the apparent height remains similar in both STM
images (black arrows). This can be explained by the fact that in the case of the
STM image 4.9.a, the MHTAP molecule was not perfectly embedded in the sec-
ond monolayer and its position changes during the voltage pulse measurement.

The same process seems to take place during the voltage pulse measurement
performed at the position shown in STM image 4.9.d, where the molecule local-
ized on the right with respect to the position where the measurement is done,
appears with pronounced molecular orbitals in the STM image 4.9.e. Note that
the shape of this molecule in image 4.9.d is very similar to the shape of the
molecular orbitals of the molecule indicated by a yellow arrow in the same im-
age, suggesting once again different adsorption configurations.

4.2.3. Electronic properties of azapentacenes in the second
monolayer

Due to the fact that these molecules (5,14-DHTAP, TAP and MHTAP) are differ-
ent, they should exhibit distinct electronic properties as a function of the bias
voltage during STM imaging. Successive STM pictures that have been obtained
at different bias voltage are depicted in figure 4.10 and illustrate these different
electronic properties.

The STM image depicted in figure 4.10.a shows a second monolayer of DHTAP
that has been recorded at a bias voltage of -0.8 V. Several defects (molecules
missing in the second monolayer) allows us to determine the relative position of
each molecules constituting this second monolayer. We can observe the above-
mentioned asymmetry of the molecular orbitals and the head to tail configura-
tion of the DHTAP molecules.

The second STM image, displayed in 4.10.b has been recorded at a bias voltage
of 0.4 V and consequently in the band gap. At this bias voltage, all molecules
constituting the second layer are imaged similarly, and the asymmetry of the
molecular orbitals is not observed. Increasing the bias voltage to 0.8 V leads to
the appearance of several compounds showing molecular orbitals associated to
the SOMO of the MHTAP molecule.
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Interestingly, a closer look at the STM image depicted in 4.10.a allows us to
distinguish these molecules which show molecular orbitals with slightly different
shape and are brighter compared to those of other molecules.

Figure 4.10.: Successive STM images recorded at different bias voltages and at
liquid helium temperature for 1.6 ML of DHTAP deposited on Au(111) at 250
K. STM parameters: a) Uy,=-0.8 V and ;= 20 pA. b) U,= 0.4 V and I;= 20
pA. c) Uy,= 0.8 V and I;= 20 pA. d) U= 1.3 V and l;= 20 pA.

Finally, another increase in the bias voltage to 1.3 V leads to the appearance
of other compounds, which show two symmetry axes and which can be unam-
biguously identified as the TAP molecule.

From these observations, we can suppose that these different molecules will
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exhibit different electronic properties, as in the case observed for 5,14-DHTAP
and TAP in the first monolayer. Particularly, the MHTAP compound should show
an increase in the LDOS around -0.8 V and 0.8 V, the 5,14-DHTAP around -0.8 V,
and the TAP around 1.3 V. STS spectra recorded for these three compounds are
shown in figure 4.11.
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Figure 4.11.. STS measurements performed on top of DHTAP (black line), MH-
TAP (blue line) and TAP (red line) molecules.

In both cases we can see that the LDOS is zero at low positive and nega-
tive bias voltage. This means that the metallic behaviour observed in the case
of STS measurements performed in the first monolayer (see figure 4.1.b, 4.1.c
and 4.2.a) is not observed anymore, suggesting that the second monolayer is
completely decoupled from the metallic substrate. This corroborates our previ-
ous observations concerning different possible coupling between the molecules
constituting the first or the second layers and the metallic substrate, and the in-
fluence of this coupling on the formation of preferential structures: TAP in the
first monolayer or TAP, MHTAP and TrHTAP in second monolayer.

In the case of DHTAP, an increase in the LDOS at voltages below -0.7 V is in
agreement with the appearance of the molecular orbitals of DHTAP in the STM
image 4.10.a obtained at a bias of -0.8 V. A peak maximum is observed at -1.4 V.
Another increase in the LDOS is observed above 1.3 V, without resolving a peak
maximum. These steep increases in the LDOS allow us to determine a HOMO
LUMO gap of 2.0 eV. The STS spectrum obtained for the TAP compound (red
line) shows an increase in the LDOS above 1 V, which is also in good agreement
with the STM image obtained at 1.3 V and depicted in figure 4.10.d. Below 1
V and down to -1.2 V, the differential conductivity remains zero, suggesting a
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bandgap of 2.2 eV. A slight increase LDOS is observed below -1.2 V and a small
peak is resolved around -1.4 V. Finally, the STS spectrum obtained for MHTAP
(blue line) displays clearly two peaks at -0.7 V and 0.8 V, again in very good
agreement with STM images depicted in figure 4.10.a and 4.10.c. The bandgap,
estimated from the steep increase in the LDOS below -0.5 V and above 0.6V, is
1.1 eV. These STS spectra are in very good agreement with the observations of
the bias dependence of the STM image.

4.3. Conclusions and outlook

In this chapter we have investigated the possibility of inducing chemical modi-
fications of the 5,14-DHTAP molecule embedded in well-ordered self-assembled
monolayer using the tunnelling current of the STM. The formation of different
compounds has been observed and these products have been identified by com-
parison with DFT calculation.

Interestingly, in the first monolayer only one compound has been observed.
It has been identified as a TAP molecule by comparison between the imaged
molecular orbitals, attributed to the LUMO according to the STS spectra, and the
shape of the LUMO determined by DFT calculation for the isolated compound.
The TAP molecule presents interesting properties, due to the fully 7r-conjugated
backbone, and the presence of nitrogen atoms in this backbone which should
provide a good stability under ambient conditions. This TAP molecule cannot be
synthesized by common chemical way, however we showed in this chapter that
this compound can be obtained by a double dehydrogenation of the 5,14-DHTAP
molecule embedded in a first monolayer.

QD = X0 -

Figure 4.12.: Synthesis of TAP from DHTAP by STM

In the case of modifications induced in the second layer, we observed the for-
mation of three different species: the above-mentioned TAP, and two compounds
identified as radicals. The identification of these radicals has been done by com-
parison between the molecular orbitals imaged with STM and the shape of the
SOMO for both isolated compounds, obtained from DFT calculations. This allows
us to identified these compounds as MHTAP and TrHTAP. MHTAP is obtained by
a single dehydrogenation of the 5,14-DHTAP. TrHTAP is obtained after the hydro-
genation of the 5,14-DHTAP molecule, but this radical has been observed only
rarely during all the STM experiments.
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Figure 4.13.: Synthesis of TAP, MHTAP and TrHTAP from DHTAP

We suggest that radical compounds are observed only in the second mono-
layer because molecules are better decoupled from the substrate which leads to
a better stability of the radicals. The mechanism for the formation of MHTAP
in the second monolayer is a single dehydrogenation. It seems that the single
dehydrogenation allowing the formation of MHTAP takes place preferentially on
one side of molecules constituting a molecular row, which lets us think that these
molecules adsorb with their small molecular axes slightly tilted from the surface
plane. This can also explain the fact that a small part of the molecular orbitals
imaged by STM for all these compounds is less visible when compared to the
DFT calculations.

We have also investigated the electronic properties of these different com-
pounds. In the first monolayer, the DHTAP molecule show a HOMO-LUMO gap
of 2.2 €V. The value of this gap is reduced to 1.3 €V in the case of the TAP
molecule. In the second layer, STS measurements show HOMO-LUMO gap of
2.0 eV for DHTAP. The bandgap determined for the MHTAP is 1.1 eV.

The following step which has to be undertaken would be to determine the
quantum efficiency of this reaction as function of the bias voltage in order to
confirm that the process involved is due to inelastic electron tunnelling

It would also be interesting to see if the DHTAP layer could be dehydrogenated
by the use of low energy electrons from an electron gun. This would allow for
the fabrication of TAP layers in devices.
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5. Conclusion

The study of the formation of well-ordered thin films is of prime interest for
developments in the field of organic electronics. The formation of these thin
films strongly depends on the formation of an ordered first monolayer, which
may serve as a template for further growth. The self-assembling process involved
in the formation of the first monolayer strongly depends on the balance between
two kinds of interactions: intermolecular interactions and molecule-substrate
interactions. These intermolecular interactions (-7 interactions, van der Waals,
hydrogen bonding, ...) can be tuned by the incorporation of functional groups
with tailored properties in the molecular backbone.

In this thesis we investigated the growth properties of two organic compounds,
the 5,14-dihydro-5,7,12,14-tetraazapentacene (DHTAP) and the 1,4-Di-n-octyl-
oxy-2.5-bis(pyren-1-ylethenyl)benzene (bis-pyrene), which were synthesized in
the CINaM laboratory, by the means of scanning tunnelling microscopy at low
temperature under UHV conditions. These compounds present tailored proper-
ties, which play an important role during the self-assembling process: the pres-
ence of donor and acceptor of hydrogen bonds in the case of DHTAP, and the
presence of alkyl chains for bis-pyrene.

The growth process at submonolayer coverage has been studied, and it appears
that the substrate, which has the role of a template for the first monolayer, plays
a very important role and leads to the formation of different structures. However,
independently of the molecules and the surfaces, a similar behaviour during the
growth process is observed in all cases:

* Inthe beginning, the growth process is mainly guided by molecule-substrate
interactions, which lead to a preferential growth on fcc then on hcp do-
mains of the reconstructed Au(111) surface for example. However the
influence of the intermolecular interactions can be observed through the
formation of molecular wires stabilized by intermolecular hydrogen bonds
in the case of DHTAP or van der Waals interactions of the interdigitated
alkyl chains in the case of bis-pyrene.

* Above a certain coverage, a reorganization of the molecular layer takes
place, which leads to the formation of well-ordered 2D domains. This re-
organization can be explained by an increase in the influence of the inter-
molecular interaction due to the increasing molecular density, and above
a certain density, the influence of the intermolecular interactions became
more important than molecule-substrate interactions. This leads to the
above-mentioned reorganization of the molecular layer.

* The formation of ordered domains is observed and the first layer is com-
pleted before the growth of the second layer. Consequently, either a Frank-
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van der Merwe or a Stranski-Krastanov growth mode is involved for the
growth of DHTAP and bis-pyrene molecules on these surfaces.

The growth of DHTAP has been investigated on different noble metal sub-
strates: Au(111), Au(110) and Ag(110). The influence of the substrate temper-
ature during deposition has been investigated and it turns out that it is a critical
parameter for the formation of well-ordered structures. The most striking in-
fluence of the temperature has been observed for DHTAP deposited on Au(110)
where a reconstruction of the surface (from the (1x2) to the (1x3) structure)
takes place for deposition performed above 200 K or after an annealing of sub-
monolayer coverages deposited below 200 K. The influence of the temperature in
the case of Au(111) and Ag(110) is less pronounced, however, a variety of struc-
tures, for example the formation of commensurate molecular wires at low tem-
perature has been observed. A decrease of the domain size is also observed for
deposition performed at low temperature. This influence of the temperature can
also explain the small size of the domains observed for DHTAP on Au(110). A last
example concerning the influence of the temperature on the growth of DHTAP
has been observed on Ag(110), where the reorganization of the molecules con-
stituting the first monolayer does not take place at low temperature, leading to
the formation of a disordered second layer. At higher temperature, however, the
formation of large and well-ordered molecular domains takes place.

In all cases, using the appropriate temperature during deposition, the forma-
tion of ordered domains has been observed. Our STM experiments demonstrate
unambiguously that DHTAP molecules embedded in highly-ordered layers on
Au(111) are arranged in a head to tail fashion along a molecular row. This head
to tail configuration allows for the establishment of hydrogen bonds between
neighbouring molecules constituting molecular rows. Due to these observations
and the similar intermolecular distances between DHTAP molecules observed
on the other surfaces investigated, the head to tail configuration is assumed for
molecules constituting the ordered domains on Au(110) and Ag(110).

On Au(111), a non commensurate model has been proposed for the first mono-
layer where DHTAP molecules arranged in a head to tail configuration lie with
their molecular plane parallel to the surface. Two mirrored domains, with re-
spect to the crystallographic direction of the substrate, have been observed by
STM. Six different orientations are observed for each domain, reflecting the sym-
metry of the Au(111) substrate. These observations are in very good agreement
with the LEED experiments.

The preferential side of the dehydrogenation observed in the second mono-
layer of DHTAP deposited on Au(111) combined with the slight difference ob-
served between molecular orbitals imaged by STM and the results of DFT results
concerning the shape of these orbitals strongly suggest that the DHTAP molecules
constituting the second monolayer adsorb with their small molecular axis slightly
tilted from the surface plane. However, the unit cell parameters remain identical
to those of the first monolayer due to the epitaxial growth.
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For a complete monolayer of DHTAP deposited on noble metal (110) surfaces,
the models presented to describe the ordered domains also show a commensura-
tion between the molecular film and the substrate. In the case of DHTAP/Au(110),
mirrored domains are observed, with only one orientation, reflecting the sym-
metry of the surface. Deposited on Ag(110), monocrystalline domains of DHTAP
show only one orientation and no mirrored domains because unit cell vectors
are aligned with the high symmetry crystallographic directions.

In the case of bis-pyrene on Au(111), the temperature does not seem to play
an important role during the first steps of the growth process, however, at higher
coverages, the formation of different structure has been observed. Two of these
structures (o and () are always observed independently of the temperature, the
~ structure is observed (rarely) only when the film is grown at room temperature
and the ¢ structure is observed only when bis-pyrene molecules are deposited at
low temperature. The size of these different molecular domains also depends on
the temperature. The formation of an ordered second monolayer takes place at
RT only.

The growth of the bis-pyrene molecules initially leads to the formation of
molecular wires on the fcc domains of the Au(111) surface. The intermolec-
ular interactions are in this case of van der Waals type and mediated by the
interdigitation of the alkyl chains. Increasing the molecular density leads to a
molecular reorganization and to the formation of the 2D molecular structure
referred as « structure. This is followed by a second molecular reorganization
at higher coverage. This second reorganization leads to the formation of three
more compact domains, (3, v, 0, depending on the temperature of the substrate
during the growth process. Models proposed for these four different structures
are all commensurate with the Au(111) surface. Three of them («, 7, §) show
mirror domains, the fourth () shows an alignment between their unit cell vec-
tors and the substrate lattice. These four domains show six different orientations,
reflecting the symmetry of the Au(111) substrate.

The optical properties of bis-pyrene have also been investigated by the means
of surface cavity ring-down spectroscopy under UHV conditions at the Technis-
che Universitit Miinchen. We have been able to observe an evolution of the
optical properties of bis-pyrene evaporated on borosilicate glass substrate as a
function of the coverage. This modification, the appearance of a shoulder in
the optical spectra at a wavelength of about 505 nm, is due to the coupling be-
tween the transition dipole moment of molecules in adjacent layers, and can be
attributed to Davydov splitting. Above a certain coverage the relative intensity
of this transition does not increase anymore with respect to the intensity of the
main transition (434 nm). Combining this information concerning the evolution
of the optical properties with the molecular density and the information obtained
by STM, we are able to conclude that:

* The appearance of the shoulder is due to an interfacial effect attributed to
the beginning of the formation of the second layer.
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* The saturation of the signal is attributed to the fact that the interfacial
region between the first and the second layer does not increase anymore.

* The growth mode for bis-pyrene on borosilicate glass substrate is a Volmer-
Weber growth mode.

The influence on the temperature has also been investigated, and it appears
that the saturation of the shoulder in the optical spectrum is found at lower
coverages in the case of deposition performed at higher temperature. This can
be explained by different growth kinetics at LT and at RT, i.e. the formation of
fewer molecular island at RT.

Finally, we showed that it is possible to use the tunnelling current of the STM
to induce chemical modifications in single 5,14-DHTAP molecules embedded in
the self-assembled monolayer. Due to the different electronic properties of the
resulting compounds, we were able to distinguish them from 5,14-DHTAP by
STS and by imaging their molecular orbitals. The resolution of the orbitals in the
STM images combined with DFT calculations performed for various compounds
derived from 5,14-DHTAP allowed us to identify the chemical structure of the
modified DHTAP.

Modifications performed on molecules embedded in the first monolayer lead
exclusively to the formation of 5,7,12,14-tetraazapentacene (TAP) which implies
a double dehydrogenation of the 5,14-DHTAP. This TAP molecule, which pos-
sesses interesting electronic properties similar to pentacene cannot be synthe-
sized by standard chemical methods. However we showed that it is possible to
synthesize this molecule using the tunnelling current of a scanning tunnelling
microscope.

In the second layer, the formation of three different compounds has been ob-
served. These compounds have been identified as TAP, monohydro-5,7,12,14-
tetraazapentacene (MHTAP) and 5,7,14-trihydro-5,7,12,14-tetraazapentacene
(TrHTAP). MHTAP and TrHTAP are both radicals. The fact that we observed these
radical compounds exclusively in the second monolayer is ascribed to different
coupling between the molecules of the first and the second layer. It appears that
the strong coupling of the molecules to the metal in the first layer prohibits the
formation of these radicals.
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