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Chapter I 

 

Context and Motivation: 

Two-dimensional organic nanostructures 

 

 

The development of organic devices with nanoscale features is becoming the focus of 

intense research activity. Organic electronics has the potential to revolutionize the fabrication 

of computers and other electronic devices. “Electronic newspapers”, smart windows, flexible 

film solar cell sheets, luminescent wallpaper are only a few examples of future electronic 

devices based on organic electronics. Thin films of organic molecules and polymers are 

expected to be used as active layers to replace inorganic materials such as silicon. 

Engineering efficient organic devices requires selecting organic materials with optimal 

electronic properties and building optimized organic structures. Therefore the fabrication of 

next generation of organic devices begins with the understanding and the control of assembly 

on the molecular scale to produce new devices having advanced properties. 

 

1.1 Supramolecular nanostructures for organic devices 

 

Investigation of supramolecular assembly on various surfaces is motivated by the 

potential of future organic electronics. In recent times there has been considerable interest in 

the development of organic solar cells and organic transistors [63]. Fig. 1.1 presents an 

optimized design for an organic solar cell. The organic active layer is composed of arrays of 

donor and acceptor molecular columns that form an optimized heterojunction in between two 

electrodes. The aim of this multi-component organic structure design is to facilitate an 

effective charge carrier extraction from the device. The performance of the organic solar cell 

will depend on processes which take place in the organic active layer such as absorption of 

light, energy transfer, charge separation and transport. The optimization of these processes is 

a crucial issue in this field. Three aspects have to be considered. First is the choice of the 

active molecules, because electron donor and acceptor molecules play a key role to enable 

photon adsorption and subsequent charge separation. Secondly is to form an efficient electric 
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contact between the organic film and the two electrodes in order to optimize the charge 

collection. And finally is the morphology of the organic molecular layer, which plays a 

crucial role in the charge transport within the organic devices.  

 

Fig. 1.1: Schematic arrangement of donor and acceptor molecules to give a nano-scale 

separation of the columnar structures in the organic solar cell. [1] 

 

In this thesis, the engineering of multi-component molecular architectures on a metal 

substrate will be investigated in order to determine the key parameters driving molecular 

assembly. The aim of this study is to develop concepts and methods for building organic 

structures relevant for organic devices, with a design similar to the one presented in Fig. 1.1. 

 

 

Fig. 1.2: Schematic illustration of a top-contact FET based on edge-on arranged organic 

molecules and uniaxially aligned columns connecting the source–drain contacts. The arrow 

indicate the direction of the charge carrier transport.[1] 
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Another promising organic device is the organic field-effect transistor (OFET). 

OFETs, as opposed to traditional transistors, have shown great potential for a wide range of 

functional applications where low-cost, light-weight, flexibility and large-area coverage can 

be achieved. [2,3]. A design of an OFET is presented Fig. 1.2. The transistor is made of a 

metal gate underneath a combined structure of an organic molecular layer on top of an 

insulating film. To enhance device performance, the structure of the organic film on the 

insulating film has to be well controlled in order to increase the charge carrier mobility. 

Highly ordered molecular films grown on insulating thin films would suit perfectly the design 

of OFETs as shown in Fig.1.2.  

 

In the case of organic photovoltaic solar cells and in the case of OFETs, engineering 

organic devices with enhanced properties requires building highly ordered organic films on a 

preferentially flat substrate, having metal or insulating electronic properties. This means the 

immobilization of functional building blocks on surfaces has to be controlled at the molecular 

level. The ultimate goal is to build highly ordered organic layers on surfaces to achieve high 

efficiency organic devices. Experimentally, bottom-up and top-down processes are two 

approaches for the manufacture of devices. Bottom-up approaches seek to have smaller 

(usually molecular) components building up into more complex assemblies, while top-down 

approaches seek to create nanoscale devices by using larger, externally-controlled forces to 

direct their assembly. Further more, bottom-up approaches use the chemical properties of 

single molecules to lead single molecule components to self-organize or self-assemble into 

some useful conformation, or to rely on positional assembly. The huge versatility of the 

bottom-up approach makes it the choice for our experimental procedures.  

 

To summarize, understanding the process of engineering molecular assemblies on 

metal and insulating surfaces is essential to develop the next generation of organic devices. 

The supramolecular self-assembly technique is one of the most promising approaches to build 

sophisticated organic architecture in an molecular scale. Our objective is to tailor the organic 

structure design by wisely selecting appropriate molecular building blocks and tuning 

experimental parameters.  
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1.1.1 Creating molecular networks using molecular self-assembly 
 

Molecular self-assembly is the process by which molecules adopt a certain 

arrangement without guidance or management from an outside source. Molecular self-

assembly is a key concept in supramolecular chemistry [4,5,6] since assembly of the 

molecules is directed mainly through noncovalent interactions (e.g., hydrogen bonding, metal 

coordination, van der Waals forces, π-π interactions, and/or electrostatic interaction). 

Molecular self-assembly is also an important aspect of bottom-up approaches in 

nanotechnology. Using molecular self-assembly the desired structure is programmed by the 

shape and the functional groups in the molecules. Formation of micelles, vesicles, liquid 

crystal phases, and Langmuir films of surfactant molecules [7] has been successfully 

achieved. Recently developed fabrication processes based on supramolecular assemblies 

demonstrate that a variety of different shapes and sizes of the supramolecular architecture can 

be obtained.  

 

Fig. 1.3: Supramolecular self-assembly process on a surface: a molecular beam is directed 

onto a solid substrate. The adsorption (energy Ead ), thermal migration and rotational 

motions (barriers Em and Erot ), and substrate-mediated and direct lateral interactions 

(energy Es and Eas) are key parameters. A molecule (tecton) self-assembles into the twin 

chain on the surface. A scheme of how surface atoms (a is the lattice periodicity) can 

influence the supramolecular characteristics and the noncovalent-bond length d  

is shown in the inset. [12] 
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Self-assembly processes are one of the most promising methods to engineer complex 

molecular architectures on various substrates. Adsorption, mobility, and intra- or 

intermolecular interactions, all of which depend on the substrate crystalline lattice, chemical 

nature, and symmetry [8, 9, 10, 11] are key parameters that govern the formation of 

molecular architectures. A balancing of lateral molecular and surface interaction is at the 

origin of the formation of supramolecular order.  

 

 Energy range Distance Character 

Adsorption Ead ≈ 0.5–10 eV ≈1.5–3 Å Directional, site selective 

Surface migration Em ≈ 0.05–3 eV ≈2.5–4 Å 1D / 2D 

Rotational motion Erot ~ dim(Em) S(molecule length) 2D 

Indirect substrate mediated Es ≈ 0.001–0.1 eV a(lattice periodicity) 

to nanometer range 

Periodicity 

Reconstruction mediated Es ~ 1 eV short Covalent 

van derWaals Eas ≈ 0.02–0.1 eV < 1 nm Non-selective 

Hydrogen bonding Eas ≈ 0.05–0.7 eV ≈1.5–3.5 Å Selective, directional 

Electrostatic ionic Eas ≈ 0.05–2.5 eV Long range Non-selective 

Metal-ligand interactions Eas ≈ 0.5–2 eV ≈1.5–2.5 Å Selective, directional 

Table 1: Classification of basic interactions and processes, with associated energy (barrier) 

and typical distances relevant when functional molecular species are employed to engineer 

molecular architectures on metal substrates  [12]. 

 

The self-assembly process (Fig. 1.3) was described by Barth [12, 64, 65 66]. The 

principle of two dimensional supramolecular self-assembled structure formation is explained 

by a general molecular growth example. Molecules are directed onto a clean substrate surface. 

The molecule in the given example is absorbed (energy gain Ead) on the surface at specific 

sites. The molecules migrate and rotate in two dimensions (thermally activated processes 

associated with energy barriers Em and Erot , respectively). From the point of view of 

thermodynamics, molecules on the surface try to assembly in an order with minimum free 

enthalpy. Noncovalent-bond formation between functional groups (energy gain Eas) allows 

molecules to adopt low-energy positions that govern the molecular supra-structure. In 

addition, the indirect substrate-mediated interactions (maximum energy cost Es) also 

influence the molecular self-assembly process. The addition of all these processes leads to the 
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self-assembly of molecules into complex molecular architectures which are energetically 

stable. Table 1 [12] gives an overview of the relevant process and interactions with associated 

energy ranges and interaction length. 

 

According to the described molecular self-assembly procedure, several parameters 

play a key role in formation of self-assembled supramolecular networks. Tuning molecule-

molecule interaction, molecule-substrate interaction, temperature, and molecular 

concentration ratio is the key to control the formation of complex supramolecular networks 

using self-assembly technique. 

 

1.1.1.1 Molecule-molecule interactions 

Different types of molecular interactions can drive supramolecular self-assembly. 
 

• Van der Waals interaction  

The Van der Waals interaction is an attractive force between molecules (or between parts 

of the same molecule) that depends on the distance of the molecules. Van der Waals forces 

are relatively weak compared with other forces as shown in Table I [12]. The Van de Waals 

interaction has moderate specificity and directionality. It can exist between the substrate and 

the deposited molecules or between the molecules on the surfaces.  

 

• Hydrogen bond 

A hydrogen bond is regarded as the attractive interaction between a positively charged 

hydrogen atom and a long pair of an electro-negative atom, like nitrogen, oxygen or fluorine. 

The hydrogen bond can be schematically presented as the formation of A-H…B, where A and 

B are electronegative elements and B possesses a long pair of electrons. These bonds can 

occur between molecules (intermolecular), or within different parts of a single molecule 

(intramolecular). The hydrogen bond is stronger than a van der Waals interaction, but weaker 

than covalent, or ionic bonds. Hydrogen bonding is highly directional. The selectivity and 

directionality of hydrogen bonds stabilizes the formation of supramolecular architectures. 
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Fig. 1.4: (a) STM image of adenine grows in well-ordered 2D structures (b) Proposed model 

for the stable adenine structure on the Au(111) surface, black dots are the NH-Obonds [14] 

 

Lucas and co-workers [14] reported adenine growth on the Au(111) surface which gives a 

good example of how the hydrogen bond mediates self-assembly of adenine molecules to 

form a highly ordered 2D structure. A molecularly resolved STM image is shown in Fig. 1.4 

(a). The lattice vectors of the structure as measured from the STM images are d1 =15.6 Å, d2 

=12.5 Å and the angle between the two neighbouring unit cells is ~ 42°. This structure is 

formed by two periodically repeated hexagons, each consisting of six molecules as indicated 

in Fig. 1.4 (b). As is shown clearly in the proposed model in Fig. 1.4(b), the structure is 

stabilized by two N-H···O hydrogen bonds between each of the two adenine molecules.  

 
• π-π interaction 

The π-π interaction is a non covalent interaction between organic compounds. π-π 

interactions originate from partial intermolecular overlap of p-orbitals in π-conjugated 

systems. In comparison with the hydrogen bond, the π -π  interaction is weaker and has no 

strong directionality, which makes it more difficult to judge its importance [15]. 

 

• Coulomb repulsion and steric effects 

Other more complex factors in the formation of supramolecular networks are the 

Coulomb repulsion of equally charged functional groups and steric hindrance. The system 

will always try to arrange itself in such a way that it minimizes these effects. 
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1.1.1.2 Molecule-substrate interaction 

 

Physisorption and chemisorption: 

 

Interactions between molecules with the solid substrate or other templates can also 

play a non negligible role in two dimensional supramolecular assemblies. Chemisorption and 

physisorption are the two main effects dominating the molecule-substrate interactions.  

 

Chemisorption is an adsorption process characterized by a strong interaction between 

an adsorbate and the substrate surface. Covalent and ionic interactions are involved in the 

chemisorption process, leading to the formation of chemical bonds. In comparison, the 

physisorption is a process in which there is no mixing of the electronic states of the atom or 

molecule with those of the substrates and the forces involved are mainly week van der Waals 

forces. The physisorption does not involve any chemical bonds.  

 

In the case of molecules absorbed on a surface, non-covalent weak forces dominate 

the molecule-substrate interaction. The molecular self-assembly results from the combination 

of intermolecular forces and molecule-substrate interaction, where the crystalline structure of 

the surface plays a key role [16]. In this regard, molecule-substrate interaction usually 

determines adsorption geometry (epitaxy) and conformation at low coverage.  

 

 

Fig.1.5: (a) STM image of a 2√3×2√3-R30° C60 domain on Au(111), 7.3×7.3 nm
2, Us = -2 V 

(b) image of a C60 monolayer on Ag(111) showing three different domains 

 19 19 nm2, Us = -2 V [13]. 
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Molecule-substrate interactions have been investigated experimentally. Altman and 

co-workers studied fullerene self-assembly on Au(111) and Ag(111) surfaces [13]. C60 

molecules diffuse on Au(111) and Ag(111) at room temperature and form close packed 

structure as shown in Fig. 1.5 (a) and (b). The fact that C60 molecules can diffuse on these 

surfaces after deposition reveals a weak C60–surface interaction.  

 

 

Fig.1.6: (a) An STM image of a Si(100)-(2×1) surface after deposition of ~ 0.06 ML of C60 

molecules at room temperature. At this coverage, the molecules randomly distribute across 

the surface, remaining mostly isolated. A few small clusters form with two or three molecules. 

(b) STM image of a C60 sub-monolayer deposited on a Si(100) surface at room temperature 

following a post-deposition annealing to 600oC. A suggested interaction model of a C60 

molecule adsorbed on the Si(100)(2×1) surface at room temperature (c) after post-annealing 

at 600°C (d). [17] 

 

Quite different are the observations by Sarid et al. [17] who investigated the 

adsorption of C60 molecules on Si(100) surfaces. They observed that post-annealing at 600oC 

affects C60 positioning on the Si(100) substrate [17]. The STM image in Fig. 1.6 (a) shows 

C60 molecules deposited at room temperature on Si(100). The molecules are randomly 

distributed and mostly isolated. The molecules do not diffuse at room temperature and are 

predominantly adsorbed in the troughs between Si dimer rows. The authors suggest that the 

positioning of the molecules results from dipole-induced dipole interaction between C60 

molecules and the Si(100) surface since the strength of that interaction is of the same order of 

magnitude as van de Waals interactions.  
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Fig.1.6 (b) shows an STM image of the Si(100) after deposition C60 at room 

temperature followed by post annealing at 600oC. The STM image shows now that the C60 

molecules are not adsorbed in the Si troughs anymore but bonded between two troughs 

instead, i.e. locations corresponding to the top of the dimer rows. The authors suggest that the 

bonds of the silicon dimers break at elevated temperature and C60 molecules bond to 

unsaturated Si dangling bonds. In that case C60 would be chemisorbed on the surface. The 

authors hence concluded Our observations suggest a physisorption, which arises from a 

dipole-induced dipole interaction between C60 molecules and the Si(100) surface. The 

strength of the interaction is on the same order of magnitude as the van der Waals interaction. 

Annealing the sample to elevated temperatures promotes the transition from physisorption to 

chemisorption, which is covalent in nature, where the C molecules bond to locations 

corresponding to the top of the dimmer rows. 

 

The influence of surface reconstructions: 

 

 

FIG.1.7: STM images at 50 K of a reconstructed Au(111) surface with adsorbed 

nitronaphthalene (a) 0.1 ML NN at 65 K. (b) 0.2 ML NN at 50 K.  

Inset: 0.2 ML NN at 10 K. [18] 

 
Böhringer et al. reported that the (22×√3) reconstruction of the Au(111) surface is 

driving the formation of self-assembled supramolecular clusters of nitronaphthalene (NN) 

molecules [18]. After 0.1 monolayer (ML) deposition, molecular clusters of distinct size and 

structures first appear at ~ -200oC at the fcc elbows of the Au(111) reconstruction, building 
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regular molecular arrays, Fig. 1.7(a). Upon further cooling these clusters do not grow in size 

but identical clusters are observed within the fcc domains at 50 K, Fig. 1.7 (b). 

 

 

FIG.1.8: (a,b) Two ML Ag/Pt(111) trigonal network. (a) LT-STM image 60×60 nm2 where 

three types of domains (fcc, hcp1, and hcp2) can be observed, Inset, FFT(Fast Fourier 

Transform) of the STM image (b) Atomically resolved LT-STM 7.5×7.5 nm2. (c,d): Example 

of a potential application of a well-ordered nanohole pattern: self-organized growth of C60 

nanoclusters at RT. (c) Overview RT-STM image 200 × 200 nm2 showing long-range order of 

a molecular nanostructure array replicating the hexagonal symmetry of the nanohole pattern, 

which is also illustrated by FFT (inset). (d) Close-up RT-STM image 70×60 nm2 of the array 

of C60 nanoclusters trapped inside the nanoholes. [19] 

 

Mansour et al. investigated the formation of C60 clusters on a reconstructed Ag/Pt(111) 

surface [19]. Figs. 1.8(a, b) shows STM images of a Pt(111) surface covered with 2 ML of 

Ag. A triangular shaped network appears on the surface. With an average period of about 7 
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nm, the trigonal network can be regarded as a (25×25) superstructure with respect to the 

underlying Pt(111) atomic lattice. Mansour et al. [19] showed that removing about 0.1 ML of 

the Ag top layer of this surface structure leads to the formation of nanoholes at specific 

domains of the trigonal network. Deposition of C60 molecules on this surface leads to the 

long-range ordering of a C60 nanostructure arrays replicating the hexagonal symmetry of the 

nanohole system. Figs,1.8(c,d). 

 

1.1.1.3 The influence of temperature on molecular self-assembly 

 

On the microscopic scale, the increase of temperature provides necessary energy to 

allow for the molecules to migrate or rotate around their equilibrium positions. During the 

annealing process, sufficient energy is provided for the molecular system to change from an 

initial state to a final state. In the final state, the whole system will have reached 

thermodynamic equilibrium and the properties of the molecular system will not change in 

time. In general, the system will reorganize until a minimum free enthalpy is reached. In the 

case of molecular nanosystem, molecules may form stable and ordered supramolecular 

structures at specific temperatures. That means that in a wide range of annealing temperatures 

there may be different spatial supramolecular architectures that are stable in certain limited 

temperature range. Therefore it may be possible to use the temperature as an external 

stimulus to manipulate and drive supramolecular self-assembly on surfaces, as discussed with 

the two examples here below. 

 

Wang et al. [20] investigated the self-assembly of rubrene molecules on Au(111). 

Their STM measurements reveal that rubrene forms a highly defective organic layer on 

Au(111) after post-annealing at 353 K, Figure 1.9(a). Annealing at 363 K for 10 min leads to 

formation of a well ordered monolayer where rubrene forms a complete row-like 

supramolecular structure, shown in Figure 1.9(b). The few black hole-features in the layer in 

Fig. 1.9(b) result from missing molecules. 
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FIG. 1.9: STM images of rubrene on Au(111) surface at various stages.  

Vs=3.0 V and It=10 pA. (a) Partially ordered monolayer, 82×82 nm
2,  

and (b) ordered monolayer, 57×57 nm2. [20] 

 

Li et al. examined the temperature-dependent self-assembly of stilbenoid (SD) on 

graphite [21]. Figure 1.10 (a) presents an STM image of a SD self-assembled network at 

20oC. The molecules form an hexagonal structure, as it is outlined in Fig.1.10(a). Figure 1.10 

(b) presents an STM image of the molecular assembly after annealing at 65oC. The molecules 

now adopt an arrangement, having a parallelogram unit cell. In the case of SD molecules on 

graphite, annealing permits to change the molecular ordering. 

 

 

Fig. 1.10 STM image of a self-assembled monolayer of stilbenoid molecules on an HOPG 

surface ; a) at 16oC (24×24 nm2); b) after thermal annealing at 335K (24×24 nm2). [21] 
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1.1.2 Engineering multi-component supramolecular structures using self-
assembly 

 

Building multi-component architectures at the molecular level is important in device 

technology. The molecules must not only have the desired electronic properties but also be 

able to self-assemble with other molecules in the desired molecular architectures in order to 

optimize the structure electronic properties and limit the number of defects. This is actually 

one of the limitations to the development of organic solar cells as in Fig.1.1. Controlling 

multi-component molecular self-assemblies is therefore essential in order to engineer new 

supramolecular architectures having enhanced properties. Various factors enter in this 

process, namely the choice of the molecules which can form a specific type of bond, the 

temperature and the relative surface concentrations of the different adsorbed species, as we 

shall illustrate below with several examples 

 

1.1.2.1 Selecting complementary molecules 

 

Otero et al. [22] mixed DNA bases (guanine (G), adenine (A) and cytosine (C)) on an 

Au(111) surface. C molecules were first deposited at room temperature, (Fig.1.11 A,B). Then 

either the complementary base (G) or the non complementary base (A) was deposited onto 

the partially C covered surface (held at room temperature). Then the samples were heated for 

10–15 min at a temperature below the lower desorption temperature of the two bases 

contained in the mixture. STM images of such a sequential co-deposition and heating 

sequence are shown in Fig.1.11A–C for C+G and Fig.1.11D–F for C+A. [22]  

 

The STM images reveal that hydrogen bonds are locally formed on the surface 

between C and G molecules (complementary bases) and between C and A molecules (non-

complementary bases). However, long-ranged multi-component supramolecular self-

assembled networks were not observed using these molecules. 
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Fig. 1.11: STM images of DNA bases on Au(111). Co-deposition experiments for the 

complementary DNA bases cytosine and guanine (A–C) and the non complementary bases 

cytosine and adenine (D–F)on Au(111). During the first step, similar amounts of cytosine 

were deposited at room temperature in each case (A, D). After deposition of guanine (B) a 

sharp increase in the number of fivefold rings is found (indicated by the green shading), 

which was not observed after deposition of adenine (E). C+G and C+A mix on code position 

(B, E). After heating, the complementary cytosine and guanine mixture remains disordered 

(C), while the non complementary cytosine and adenine mixture segregates into adenine 

islands and cytosine zigzag branches (F). [22] 

 

1.1.2.2 Selecting molecule functionalities 

 

Forming extended hydrogen-bonding-based supramolecular networks requires to 

wisely select molecules for their abilities to form hydrogen bonds with each other. However, 

Fig.1.11 shows that this does not guarantee that long-ranged self-assembled domains will 

develop. As hydrogen bonding energies can strongly vary (table 1), small variations in the 

binding energy and the direction of bonding are expected to lead to dramatic changes in the 

supramolecular self-assembly. By functionalizing the molecules, the molecular binding 
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energies can be tailored. For example, 3,4,9,10-perylene-tetra carboxylic-dianhydride 

(PTCDA) and 3,4,9,10-perylene-tetracarboxylic diimide (PTCDI) both have a functionalized 

perylene skeleton. PTCDI is a PTCDA molecule in which one oxygen atom is replaced by an 

N-H group (Fig1.12).  

 

 

 

Fig 1.12: Chemical structure of melamine (a), PTCDI (b) and PTCDA (c). Red, blue, grey 

and white  balls are oxygen, nitrogen, carbon and hydrogen atoms.  

 

 

When PTCDI and melamine are mixed together, one expects these molecules to form 

3 hydrogen bonds (2×N-H···O, 1×N···H-N). In the case of a PTCDA and melamine mixture, 

one assumes that these molecules form 2 hydrogen bonds (2×N-H···O), if the repulsive 

interaction between melamine N and PTCDA O is neglected. In theory in that case the 

PTCDI-melamine and PTCDA-melamine would be identical but the binding energy would be 

different. However, predicting multi-component binding is far from being an easy task 

because various binding schemes may occur at will be illustrated in the following. 

 

Fig. 1.13 shows an experimental observation of melamine-PTCDA self-assembly on 

Au(111) [23]. The PTCDA-melamine ratio is 1:2. The molecules form long-ranged domains 

of molecular stripes. Each stripe is composed of a single PTCDA molecular row and a double 

row of melamine molecules. The unit cell outlined in Fig.1.13(b) in blue has a parallelogram 

shape, with an angle of 85° and lengths of the lattice vectors 10.0 Å (the periodicity along the 

PTCDA rows) and 19.9 Å (PTCDA PTCDA separation across two melamine rows). 

Fig.1.13(b) shows the molecular arrangement as observed in Fig.1.13(a). This network is 

stabilized by various single PTCDA-melamine hydrogen bonds. 
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Fig. 1.13: (a) STM image of a mixed PTCDA and melamine domain. on Au(111) surface 

(14×8 nm2; Vs=−1.5 V, It=0.1 nA.)  (b) Model of the molecular ordering.  [23] 

 

PTCDI mixed with melamine on the same Au(111)-(22×√3) surface at the sample 

temperature forms a completely different supramolecular structure [24]. Fig.1.14 shows the 

PTCDI-melamine self-assembly at room temperature on Au(111). The molecules form a 

chiral structure having a pattern called ‘‘pinwheel’’. The network is hexagonal with a 37.8 Å 

lattice parameter. The model of this supramolecular network is presented in Fig. 1.13b. In this 

configuration the centre of the pinwheel is composed of a melamine arrangement, where six 

melamine molecules form a chiral hexagon. This hexagon is surrounded by PTCDI pairs 

(side by side). 

 

 

Fig.1.14: (a) STM image of mixed PTCDI and melamine ‘‘pinwheel’’ domain on Au(111) (19 

19 nm2; Vs = -1.4 V, It = 0.5 nA). (b) The proposed supramolecular structure model. [24] 
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In this structure PTCDI and melamine can be connected through triple hydrogen 

bonds or single hydrogen bonds. 

 

The two examples presented above in Fig.1.13 and 1.14 indicate that, just by 

changing two N-H into two O in a perylene based molecules dramatically changes the multi-

component self-assembly of this molecules with melamine. This highlights that the formation 

of molecular architecture is very sensitive to molecular functionalities that allow for 

hydrogen bonding. This indicates that there are countless opportunities to control multi-

component self-assemblies by wisely selecting molecular design.  

 

1.1.2.3 Selecting molecular ordering using temperature 

 

As for single component ordering (section 1.1.1.3), temperature is a key parameter 

driving multi-component self-assembly.  

 

 

Fig. 1.15: PTCDI-melamine networks on Au(111) after post-annealing at 100°C (a,b,c) and 

after post-annealing at 120°C (d,e) [25] 
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Fig.1.15a shows the molecular superstructure formed by deposition of PTCDI and 

melamine on Au(111) followed by post annealing at 100°C for 10 h [25]. This domain has a 

honeycomb structure. The molecules assemble into a hydrogen bonded honeycomb network 

in which PTCDI molecules are located at the edges of the hexagonal unit and melamine 

molecules form the vertices, Fig.1.15b,c. Fig.1.15d shows the molecular superstructure 

formed after post-annealing at 150°C for 10 h. The PTCDI-melamine network has now a 

parallelogram unit cell, Fig.1.15e. The first multi-component network is made of PTCDI and 

melamine blocks connected through three hydrogen bonds, Fig.1.15c. In the second network, 

in addition to this bonding, PTCDI-PTCDI double hydrogen bonding and PTCDI-melamine 

single hydrogen bonding are conserved. This example shows that a small temperature 

increase (20°C) can affect the number and directionality of the molecular hydrogen bonds 

involved in the supramolecular self-assembly and dramatically modify the resulting multi-

component architecture.  

 

1.1.2.4 Tuning molecular concentration ratio 

 

In the case of multi-component molecular networks, molecular concentration ratio is 

also expected to influence supramolecular ordering. For example PTCDI and melamine 

molecules can form different molecular networks having different molecular ratio. Theobald 

et al. reported the formation of a honeycomb networks having a 3:2 ratio [26], whereas the 

PTCDI-melamine “pinwheel” structure (Fig. 1.14) has a 3:4 ratio. [24]. 

 

Palma et al. build in Fig. 1.16 the ratio-dependent phase diagram of supramolecular 

self-assemblies based on melamine molecules and different ditopic imidic linkers.  This 

diagram based on experimental observation shows that bi-components supramolecular 

ordering are highly sensitive to molecular ratio and molecule characteristics. Variation of the 

molecular ratio can leads to different multi-component supramolecular networks as well as 

phase segregation. 
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Fig. 1.16: Phase diagram of segregation in bicomponent networks made of melamine (MEL) 

molecules (red triangles) and four different ditopic imidic linkers (1-4) (blue rectangles).[61] 

 

1.1.2.5 Forming guest-host multi-component structures 

 

Two-dimensional supramolecular architectures can be exploited to trap molecular 

species into specific sites to form long range multi-component structures. It is becoming a 

very useful strategy to control the ordering of molecules which cannot form directional bonds, 

like fullerenes for example. This is also interesting in order to build multi component number 

architectures. 

 

• 2-component architectures 

 

 

Fig1.17: (a) TSB35 and HBC molecules. (b) Model for the supramolecular assembly of the 

TSB35 host-matrix. (c) STM image of the TSB35 host and HBC guest structure. [27] 
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Schull et al. successfully formed a TSB35-HBC guest host network on graphite [27]. 

TSB35 self-assemble into a honeycomb structure, leaving empty cavities as illustrated by the 

model, Fig.1.17b. Addition of HBC leads to formation of a HBC-TSB35 (Fig.1.17c). The 

HBC are trapped inside the cavities of the TSB35 molecular host template network. HBC 

appears as circle in the STM image, Fig.1.17, whereas TSB35 appears as star.   

 

 

Fig.1.18 : (a) NN4A and Sc3N@C80 molecules. (b)STM image (68×68 nm2) of the 

Sc3N@C80–NN4A host– guest architecture on graphite. (c) High-resolution STM image of the 

Sc3N@C80–NN4A structure. The green arrows indicate individual cavities missing one 

Sc3N@C80 molecule. (d)Plan view of the proposed structural model.  

(e)Side view of the model. [28]. 

 

Li et al. reported the formation of a NN4A- Sc3N@C80 Guest-host network. NN4A 

forms a well-ordered open network with a Kagomé structure on graphite [28]. Two kinds of 

cavities are created, having different size and shape: large hexagonal cavities and small 

triangular cavities. Sc3N@C80 molecules are then deposited onto the molecular networks, and 

a network of single fullerene molecules appear as observed in the STM images Figs.1.18b,c. 

The STM image reveals that one fullerene is trapped in the large hexagonal cavity of the 

NN4A Kagomé network, whereas the triangular cavity remains empty, Fig.1.18c. The model 

of the 2-component structure is presented Fig.1.18d,e. 
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• 3-component architectures 

 

Theobald et al. reported the formation of a 3-component PTCDI-melamine-C60 

supramolecular networks on Ag/Si(111)-(√3×√3)-R30o surface. PTCDI and melamine form a 

honeycomb network having large hexagonal cavities. C60 molecules are then deposited onto 

this structure. STM image Fig. 1.19b reveals that heptameric C60 clusters having a compact 

hexagonal arrangement are formed within the pores. The model of the structure is presented 

Fig.1.19c. The symmetry of the PTCDI-melamine structure permits to align the C60 clusters. 

 

 

Fig.1.19 : (a) C60, PTCDI and melamine. (b) STM image  of C60 heptamers on a PTCDI–

melamine network. Inset, high-resolution view showing an individual cluster. (c) Schematic 

diagram of a C60 heptamer. [26] 

 

 

• 4-component architectures 

 

Adisoejoso et al. [29] successfully formed a 4-component guest-host structure mixing 

bisDBA-C12, COR, ISA, and TRI molecules, Fig.1.20a. A filled Kagomé structure is formed 

using these molecules, Figs.1.20b,c. The bisDBA-C12 form the Kagomé structure. Each 

hexagonal void is filled with a COR1-ISA6 cluster, whereas the triangular voids are filled 
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with single TRI molecules. The unit cell (a = b = 5.5 nm, α = 61o) consists of 12 molecules: 

three bisDBA-C12, one COR, six ISA, and two TRI. 

 

 

Fig.1.20: (a) Chemical structures of bisDBA-Cn, isophthalic acid (ISA), coronene (COR), 

and triphenylene (TRI). (b) STM image of a mixture of bisDBA-C12, COR, ISA), and TRI.  

(c) Tentative network model showing the Kagomé structure of bisDBA-C12 hosting  

the COR1-ISA6 cluster and TRI in the hexagonal and triangular voids, respectively.[29] 

 

1.1.2.6 Using molecular surface nanotemplate 

 

Another strategy to build multi-component architectures consists to take advantage of 

molecular surface nanotemplate. Chen et al. showed that C60 molecules form well ordered 

nano junction arrays on face-on+edge-on p-sexiphenyl (6P) nanotripe structures [30]. The 

STM image in Fig. 1.21(b) shows that successive deposition of 6P molecules on an Ag(111) 

surface leads to the formation of face-on+edge-on 6P structure. The model of this structure is 

presented Fig. 1.21(b). Post deposition of C60 molecules onto this organic template results in 

a fairly ordered 2D array of C60 triplets, as shown in Fig.1.21(c). The corresponding detailed 

20 20 nm2 STM image of the C60 triplet array is displayed in Fig.1.21(d). These triplets 
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assemble along the underlying 6P nanostripe packing direction with a separation of about 3.3 

nm, as highlighted in Fig.1.21(d). In this 2-component architecture, the C60 triplets 

predominantly nucleate on the edge-on 6P molecules of the 6P nano stripe array. In contrary 

to the guest host structure, the C60 molecules are not in contact with the substrate.  

 

 
Fig.1.21: 15×15 nm2 STM images of (a) “face-on_edge-on” 6P monolayer nanotripe on 

Ag(111) (b) Schematic drawings of molecular structure for face-on_edge-on 6P layers . (c) 

80 ×80 nm2 STM images of 0.5 ML C60 on face-on_edge-on 6P layer on Ag(111), showing 

the formation of a well-ordered vertical C60 /6P nanojunction array, (d) the corresponding 

detailed 20×20 nm2 STM image of panel (c).[30] 

 

1.1.2.7 Taking advantage of surface reconstructions 

 

As was observed in the case of single-component two-dimensional supramolecular 

structures (see section 1.1.1.2), surface reconstructions are expected to affect multi-

component supramolecular self-assemblies. 
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Fig. 1.22: (a) STM image of a gap in the PTCDI-melamine supramolecular network 

revealing the reconstructed Au(111) substrate (50×35 nm2). (b) Model of the supramolecular 

network with a superimposed high resolution STM image. The two types of parallelogram 

rows are indicated by black and gray arrows.[25] 

 

The STM image in Fig.1.22(a) reveals that the reconstructed Au(111)-(22×√3) surface 

influences PTCDI-melamine supramolecular self-assembly. This PTCDI-melamine network 

does not corresponds to the honeycomb networks presented Fig.1.15a and Fig.1.19a. In this 

multi-component structure, the bright lines of Au(111), corresponding to bridge site atoms, 

pass through the center of the hexagonal PTCDI-melamine cavities. The PTCDI molecules 

on these lines are aligned in the (1
−

1 0) direction, so that the PTCDI molecules are 

perpendicular to the bright lines of the Au(111) substrate. A model of surface reconstruction-

driven PTCDI-melamine supramolecular network is presented in Fig. 1.22(b). In this 

structure, rows of paired hexagonal cavities are connected trough melamine-melamine bonds. 

This leas to the appearance of parallelogram cavities in addition to the hexagonal cavities.  

 

As was presented in this section, various parameters play a key role in the formation 

of multi-component supramolecular self-assemblies. The resulting architecture will be 

governed by the molecular shape and the subtle balance between molecule-molecule 

interaction and molecule-substrate interaction. Therefore, engineering supramolecular self-

assemblies can be tuned by wisely selecting the molecules on the basis of their design and 

functionalities, by choosing adequate surface and adjusting the relative ratio of the deposited 

molecular species and the temperature. 
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1.2 Oxide surfaces and insulating thin films on metal surfaces 

 

The engineering of organic devices like OFETs (Fig.1.2) requires to grow or to form 

molecular layers on insulating thin films in order to electronically decouple the molecule 

from the metal electrode. The interest of nanoscience in using insulating thin films as a 

nanostructure support is also motivated by the prospect of decoupling nanostructure 

electronic states from its support, which is a prerequisite to address individual and non-

perturbed nanostructure properties. Insulating thin films have been successfully employed to 

reduce the coupling between the substrates and the absorbates [31] and to explore properties 

of nanostructures: for example it has been possible to probe the electronic states of single 

molecules [32] and single metal particles [33], to control the charge state of single adatoms 

[34]. It has also been possible to observe on insulating thin films the interactions between 

spins in individual nanostructures [35] and to flip the spin of a single adsorbed atom [36]. In 

addition to their electronic properties, interest in oxide and insulating surfaces comes from 

the possibility to use surface reconstruction or structure to control the growth of fcc metal 

nano crystals [37] and five-fold twinned structures [38, 39]. This is particularly appealing in 

the aim to develop nanocatalysts having enhanced catalytic activity [40] 

 

Various insulating thin films based on oxides and insulating materials have been 

studied during recent years. Silica [41, 42], vanadium oxide [43], alumina [32, 42], ceria [44], 

iron oxide [45, 46], magnesium oxide [47], titania [40], strontium titanate [48, 49, 50] and 

sodium chloride [51, 52, 53, 54, 55, 56, 57] are some of the most promising insulating 

materials for nanoscience and nanotechnology. The “ideal” candidate for technological 

application (such as OFET) is the insulating thin film forming flat and defect free crystalline 

layers on metal surfaces. In addition it would be advantageous if the insulating thin film was 

easy to prepare and its thickness easy to control.  

 

In the following section we shall give an overview of the most promising insulating 

thin films grown on metal surfaces that are currently used in nanoscience. 
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1.2.1 Magnesium Oxide: MgO 
 

 

FIG. 1.23: STM images of 0.3 ML MgO/Ag(001). [58] 

 

Schintke et al. [58] investigate the growth of MgO on Ag(001) surface. Mg was 

deposited in oxygen gas on Ag(001). The deposition of 0.3 ML MgO, leads to the formation 

of two-dimensional square islands of 10–15 nm size nucleated homogeneously on the Ag(001) 

surface, Fig (1.23). [58] STM images are showing that the islands are crystalline. Scanning 

tunneling spectroscopy showed that MgO thin films with a thickness of more than 3 ML have 

electronic properties similar to those of the MgO bulk. 

 

1.2.2 Copper Nitride :CuN 
 

Ruggiero et al. investigated the growth of CuN films on Cu(100) surfaces [59]. A Cu 

atomic beam is directed onto a Cu(100) substrate in a nitrogen atmosphere in UHV. The 

authors observed that atomic nitrogen adsorbs in hollow sites between Cu atoms on Cu(100). 

Figure 1.24(a) shows an atomically resolved STM image of a CuN island. The island is 

crystalline and appears as 0.18 nm depressions in STM images at low voltage. This is 

consistent with the expected decrease in local state density within the gap of an insulator. As 

the coverage increases, the islands become more rectangular in shape and self-organize into 

an array (Fig. 1.24b), which is well suited for nano scale templating.  
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FIG. 1.24 STM images of CuN on Cu(100). (a) Atomic resolution image of a CuN island 

(scale bar=2 nm). The image has been Laplace and Gaussian filtered to emphasize the local 

contrast. The lattice is shown of Cu (black) and N (white) . At higher coverage, islands 

coalescence into a grid separated by ridges of Cu (Scale bar=5 nm). [59] 

 

1.2.3 Iron oxide: FeO 
 

Ritter et al. [60] characterized the formation of FeO films on Pt(111). Iron is 

deposited onto a clean platinum surface at room temperature. 

 

 
FIG. 1.25: (a) 100 100 nm2 STM image of a 0.9 ML FeO film on Pt(111). (b) 55 55 Å2 

STM image of a sub-monolayer FeO film grown onto Pt(111). A Moiré superstructure with a 

unit cell of 3×25 Å2 is created. The direction of this superstructure indicated by the marked 

atoms is rotated by about 11° against the small FeO(111)-(1×1) unit cell  

that is also indicated. [60] 
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After the deposition the iron is oxidized for 2 min at temperatures between 870 and 

1000 K in 1026 mbar oxygen partial pressure to achieve highly ordered FeO film. The 

atomically resolved STM images display that FeO form a flat and crystalline film on Pt(111), 

Fig.1.25. It exhibits a hexagonal surface structure with an atomic periodicity of 3.11 Å. This 

atomic periodicity is modulated by a larger periodicity of about 25 Å, which creates a moiré 

superstructure visible in the STM image, Fig.1.25. The large hexagonal unit cell of this moiré 

structure can be defined by the brightest atomic features in the STM image and is rotated by 

about 11° with respect to the small (1×1) surface unit cell on the oxide film. This is indicated 

by the marked atoms with equal brightness in Fig.1.25b which do not line up with the atom 

rows of the FeO(111) surface.  

 

1.2.4 Sodium Chloride: NaCl 
 

1.2.4.1 NaCl on Cu(111) 

 

 

Fig. 1.26: (a) DFM images of one monolayer NaCl on Cu(111)  The NaCl clusters 

decorating steps extend about 1 nm above the upper terrace. (b) DFM images of monatomic 

NaCl islands grown on top of a continuous NaCl film which covers a step of the Cu(111): 

topography image showing a ‘carpet’-like NaCl film over a substrate step. [62] 

 

NaCl thin films have been successfully grown on Cu(111) surface by Bennewitz et al. 

[62]. NaCl was evaporated from a Knudsen cell at 675 K. NaCl forms rectangular islands on 

Cu(111) as observed in the dynamic force Microscopy (DFM) images, Fig.1.26. They also 

observed that the NaCl layer on Cu(111) is crystalline having a (100) oriented surface [52]. 



Context and Motivation 

 36 

 

1.2.4.2 NaCl on Ag(100) 

 

 

FIG. 1.27: STM image on NaCl/Ag(100) , 400×400 nm2. (b,c) Atomically resolved STM 

images of the NaCl layer and the corresponding schematic representation of Ag(100) and 

NaCl adlayer, showing the high-symmetry directions, the unit cells, and the island 

orientation. [54]. 

 

Pivetta et al. investigated the growth of NaCl on Ag(100) [54]. Fig.1.27 shows a 

typical 400×400 nm2 STM image of the Ag(100) surface after NaCl deposition. At a 1 ML 

coverage, NaCl forms (100) crystalline island on the Ag(100) substrate. This is confirmed by 

atomically resolved STM images of the NaCl island, Figs. 1.27(b,c). The islands have an 

average size of 50 nm and a typical thickness of 1 ML (most have a partial second layer). The 

Ag steps seem to act as a preferential nucleation sites for the first and for the following layers, 

Fig.1.27. The STM images also revealed that there are two different epitaxial relationship 

between the NaCl(100) layer and the Ag(100). The crystalline axis of the NaCl(100) layer 

can be aligned with the crystalline axis of Ag(100), Fig.1.27(b), or it can be at 45°, as shown 

in Fig.1.27(c). 

 

Growing insulating thin films on metal surfaces requires optimizing depositing flux, 

substrate temperature and gas atmosphere pressure in some systems. As shown above, 

crystalline and flat MgO, CuN, FeO and NaCl thin films have been successfully grown on 
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various metal surfaces. For these reasons they are of great interest for nanotechnology and 

application like organic transistor (Fig.1.2). However the preparation of MgO, CuN and FeO 

requires to precisely control the metal flux and gas pressure during the insulating thin film 

growth. If the right balance is not respected, the thin film growth will fail. In comparison, 

NaCl film can be grown using a convenient one-step process: NaCl can be directly 

sublimated in UHV onto a room temperature metal surface. NaCl crystalline islands have 

been indeed successfully grown on numerous crystalline metal surfaces, such as Cu(111) [24, 

51, 52], Cu(110) [24, 51], Cu(311) [51], Ag(111) [53], Ag(100) [54], Ge(100) [55], Al(111) 

[56], Al(100) [57]. However, NaCl has not been systematically investigated on Au(111) 

surface until this PhD project1.  

 

1.3 Outline of the thesis 

 

In chapter II we shall present the experimental characterization techniques and setups 

used during this research project. Scanning tunnelling microscopy (STM) will be presented 

and discussed in detail. Vacuum and deposition systems will be shown. The preparation of 

Au(111) thin films on mica and the Au(111)-(22×√3) superstructure will be shown.  

 

In Chapter III, we shall investigate the formation of self-assembled multi-component 

supramolecular nano-architectures on metal surfaces. The building blocks we shall use are 

PTCDA, melamine, adenine and C60. We shall especially focus our attention on the influence 

of temperature, molecule ratio and molecular interaction on multi-component self-assemblies.  

 

In Chapter IV, we shall report on the growth of NaCl thin films on Au(111)-(22×√3). 

The NaCl film crystalline structure and epitaxy have be characterized. We shall also discuss 

the study of the growth of organic nanostructures on the NaCl insulation thin film.  

 

 

                                                 
1 We were the first to published a detailed STM investigation of NaCl thin film grown on Au(111)-(22×√3) in 
2008 [ 67]. In 2009, Bombis et al. [ 68] and Canas-Ventura et al. [69 ] also investigated this system. 
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Experimental Setup 

Chapter II 

 

Experimental Setup 

 
 

In the rapid developing field of nanotechnology, the controlled formation and related 

exploration of nanostructures on surfaces is essential. The preparation and characterization of 

two dimensional nanostructures requires highly sophisticated surface techniques. Scanning 

tunneling microscopy (STM), which enables the observation of nanostructures on atomic 

scale, will be introduced as the most commonly used technique in this field. Ultra High 

Vacuum (UHV) systems provide for a clean environment for the experiments. UHV system 

enables the in situ sample preparation for surface and interfaces experiments.  

 

2.1 Scanning Tunneling Microscope 

 

In 1981, Binning and Rohrer at the Zurich research laboratory of the International 

Business Machine (IBM) cooperation invented a very powerful surface analytical technique -

- Scanning Tunneling Microscope (STM). The appearance of this new technique turns a 

general dream of scientists into reality, that people can observe the individual atoms or 

molecules on material surfaces and properties related to the behaviour of surface electrons in 

real space.  

The working principle for scanning tunneling microscopy is quite simple. A sample is 

scanned by a very sharp metallic tip (ideally, with only one apex atom). The tip is 

mechanically connected to the scanner, an XYZ positioning device and approached to a 

conducting sample. The sample is positively or negatively biased so that a small current, 

named as the "tunneling current", flows if the tip is close enough to the sample. The tunneling 

current is amplified and measured to give the information of the surface electronic properties. 

An STM image is collected either in the constant height mode where the current is recorded 

while scanning the tip over the surface at a constant height regulated through a feedback 

system or in the constant current mode where the feedback electronics always adjusts the 

distance between tip and sample to keep a constant tunneling current while the tip is scanned 

over the surface.  
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Here we will give a brief introduction to the general principles of STM, a complete 

description of the technique can be found in the book by C.Bai. [1] 

 

 

2.1.1 The tunnel effect 
 

In classical mechanics, a particle with kinetic energy E can not go over a potential 

barrier with a height E0 when E<E0. On the other hand, in quantum mechanics, particles 

(electrons, for instance) can also be viewed as a wave with the wave function 0ψ . When an 

electron is incident upon a barrier with potential energy larger than the kinetic energy of the 

electron (E0> E), there is a non-zero probability that it may traverse the barrier and appear on 

the other side. 

 

For an electron with energy E, mass m and wave function Eψ (r), and a potential 

barrier E0 and width s, the whole barrier  can be divided into three different regions:  

 
FIG. 2.1: One dimensional tunnel effect. (a) In classical mechanics, any electron having en 
energy E lower than the height of a potential barrier (V) is reflected. (b) In quantum physics 

this electron has a probability to cross the potential barrier. 
 

region I:  z < 0  in front of the barrier; 

region II:  0 < z < s inside the barrier;  

region III:  s < z  behind the barrier. 
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In all the regions, the dynamics of the free-electrons model of a metal-vacuum contact 

are described by the SchrÖdinger equation: 
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where Eψ (z) is the wave function of the electron with a energy E, the barrier potential is U(z) 

and h  is Plank’s constant divided by 2π . 

According to equation (2.1), we apply different barrier potential energies to different regions, 
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A, B, C ,D and A’, B’ C’ are constants.  
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The incident current density ji and the transmitted current density jt can be described by 
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and the barrier transmission coefficient T is given by the transmitted current density related to 

the incident current density 

T= 2
D

j

j

i

t =  

 

To derive the overall wave function, the different wave functions )(zψ  and their 

derivatives dzzd /)(ψ are matched at the discontinuity points of the potential z = 0 

and z = s. This results in a transmission coefficient 
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and in the limit of a strongly attenuating barrier (decay constant  κ >> 1) 
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This theoretical treatment of the tunnel effect in one dimension explains the 

phenomenon of electron tunneling well, but the application to realistic STM experiments in 

three dimensions is more complicated. 
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2.1.2 The tunnlling current 
 

Until now, we presented the tunneling theory only in a simple one dimensional model. 

This model is easy to understand and sufficient to introduce some basic quantum mechanics 

which allows an understanding of the tunneling theory in general. However, for a more real 

STM process of the tunneling effect, a more realistic model would be required to explain the 

whole process. Further more, we did not give any modelling of the probe tip. The whole 

tunneling process was introduced only as electrons tunneling through the tip-sample barrier. 

A realistic tip, however, is made from a certain material with its atoms at the apex arranged in 

a particular way. The STM has a particular geometry and tip electron extended wave function 

may strongly differ from that of a free electron but also from that of a flat surface. In other 

words, the tip has an electronic structure that has to be considered with a 3-dimensional 

approach.  

 

STM is based on the tunneling process which has been introduced in section 2.1.1. 

Bardeen expresses the tunneling current in a first order time-dependent perturbation approach 

as a function of the overlap between the electron wave functions of the tip and surface. [2]. 

The most common method to explain an STM image was derived by Tersoff and Hamann 

who were the first to use Bardeen’s approximation as a means to describe STM imaging.  

 
FIG. 2.2: Geometry of the STM tip in the Tersoff-Hamann model: r0 is the centre of the 

curvature of the spherical tip apex with radius R, d is the distance from the end of the tip to 

the sample surface. [3] 

 

In the Tersoff -Hamann tunneling model, the tip apex is considered a perfect spherical 

ball, as shown in the figure 2.2., and only s-type of wave functions are allowed to contribute 
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to the tunneling process. With the conditions of very low bias voltage and very small distance 

between the tip and the sample surface (typically several Å), the tunneling current is found to 

be proportional to the local density of the states of the surface, at the position of the tip. The 

tunneling current can be presented as follow, the tunneling current is dependent on the 

electronic density of states of both the tip ( )(ETρ ) and the sample ( ),( eUESρ ); both the 

density of states and the probability (T(E, eU)) for the electrons to tunnel through the barrier 

between the tip and sample (also called the transmission factor) determine the tunneling 

current I, so that  
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The STM technique is developed based on the quantum mechanical tunneling of 

electrons through a potential barrier. The difference between the Fermi energy EF and the 

vacuum level Ev is the work function Φ (index t for tip and s for sample). In the equilibrium 

state in Fig. 2.3(a) the net tunnel current is zero. At a sample bias voltage V, electrons can 

tunnel through the tip-sample barrier and a tunneling current flows. 

 

  In the tunnel regime, the distance between the tip and sample surface is within a few 

ångstroms. The electronic wave function of the tip overlaps with the wave function of the 

sample surface. The work function of the sample (tip) surface Φs (Φt) is defined as the 

minimum energy required for removing an electron from the electrode to the vacuum level, 

see Fig.2.3. 

 

When no bias voltage is applied to the sample and the tip, the Fermi levels of the tip 

and the sample are aligned due to the overlap of the electronic wave function, as shown in 

Fig.2.3(a). There is no net tunneling current.  
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FIG. 2.3: Tip-sample tunnel junction. (a) No bias applied, no net tunneling current. (b)At 

negative bias, net tunnel current from the sample to the tip. Sample filled states electrons fill 

the tip empty states. (c) At positive bias, net tunnel current from the tip to the sample. Tip 

electrons fill the sample empty states. 

 

When a negative bias voltage V is applied between the tip and the sample, electrons 

tunnel from the filled states of the sample to the empty states of the tip, as depicted in Fig. 

2.3(b). On the other hand, when a positive bias voltage V is applied between the tip and the 

sample, electrons tunnel from the occupied states of the tip to the empty states of the sample, 

as presented Fig.2.3(c). The arrows in Fig.s 2.3(b,c) illustrate that high energy electrons 

contribute more to the net tunnel current because T(E) is larger. The energy difference 

between the tip and the sample states is eV, Fig.2.3. 

 

According to the tunneling theory, if the applied voltage is much smaller than the 

work function eV << Φt,s, the tunneling current depends on the distance d between tip and 

sample in the experiment.  

 

It ∝  Vs·e -(2k·d)  

 

where k is a constant, Vs is the tunneling bias, d is the distance between the tip and the 

sample. For metals k ≈ 2Å-1 this means that the current varies one order of magnitude when d 

decreases 1 Å. 
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2.1.3 Contrast in the STM constant current mode 
 

Experimentally, we use the dependence of I on the tip-surface distance to investigate 

the surface structural properties and electronic properties. In the constant current mode, the 

STM tip scans the surface adjusting the tip height z in order to keep the tunneling current (It) 

constant. When the surface density of states ρs and the surface work function φs1 remain 

constant, the STM image gives information of the surface topography because, as sketched 

Fig.2.4, the tip path will follow the topographic structure with excellent vertical resolution. 

 

 

FIG. 2.4: STM operation in constant current mode, measurement of the height (z)  in relation 

with the tip-sample distance (d) 

 

In other cases, STM imaging is very sensitive to the variation of the surface electronic 

properties. Fig. 2.5 shows a sample having a flat surface but areas with different local density 

of states ρs and work function φs. In region I, the density of states is ρs1 and the work function 

is φs1 whereas in the region II, the density of states is ρs2 and the work function is φs2. If the 

STM tip scans the surface at a constant tip-sample bias, the tunneling current measured in the 

Region I will be higher than in Region II if φs1 < φs2 or ρs1 > ρs2 . This means that in the 

constant current mode, the difference between the values of φs1 , φs2 and/or ρs1 , ρs2  will lead 

to a contrast in the STM image in the case of a flat surface. If φs1 < φs2 or ρs1 > ρs2 , the region 

II will appear lower (d2) than the Region I in Fig.2.5 
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FIG. 2.5: Sketch of the ’topographic effect’: sample areas with different local density of 

states ρs or work function φs1 can lead to a variation in tip height z when operating in 

constant-current mode even though the surface is flat. 

 

To understand the lateral resolution in an STM image, the Tersoff -Hamann tunneling 

model is not sufficient. In fact, in that model the tip and the surface are treated separately, 

which neglects any interaction between them and is valid only in the limit of large tip surface 

distance. Secondly, the structure of the tip apex is modelled as a spherical ball and any tip 

dependence of the image is lost. Tsukada et al. [8] have extended the perturbation approach 

to a more precise description of the tip structure with a cluster of 10 atoms and have 

introduced an accurate description of the wave function tail in vacuum. [12]. The most 

important outcome of their studies of the dependence of the image on the tip structure [9] is 

that 90% of the tunneling current travels through the pinnacle atom alone and including the 

nearest neighbours of the latter one can account for 99% of the tunneling current. This clearly 

explains why with a sharp tip excellent lateral resolution is achievable. 
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2.1.3 STM set-up 

 

STM piezo scanner 

Controlling the lateral and horizontal position of the STM tip with a resolution of sub-

ångstrom is a key parameter to record high resolution images. This can be achieved using a 

piezoelectric ceramic. In our STM instrument, the STM tip is fixed at the extremity of a 

piezoelectric tube. One electrode is placed inside the tube and four outside the tube as 

sketched in Fig.2.6. When a voltage Vz is applied to the electrode inside the piezoelectric 

ceramic, the tube length increases or decreases depending on the bias voltage polarization and 

amplitude. This enables us to precisely control the vertical tip position (z direction) with a 

resolution higher than 0.01 Å. In a similar way, by applying different polarization on the X+, 

X- electrodes and Y+ ,Y- electrodes, the piezoelectric tube can be bent along the X+, X- axis 

and Y+ ,Y- axis, which are within the X-Y plan. It is therefore possible to scan the surface 

horizontally in two dimensions. In that case, the lateral resolution is limited by the tip apex 

shape as decribed before but a resolution <0.1 Å can be achieved.  

 

 

FIG. 2.6: Schematic drawing of the STM scanner. 
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STM feedback loop 

As the tunneling current depends on the surface structure and electronic properties of 

the sample, the STM constant current mode imaging will require adjusting precisely the tip 

position according to the tunnel current value.  

 

FIG. 2.7: Principle of the STM scanning control.  

This is achieved by means of a feedback electronic control which acts on the piezo 

scanner as sketched in figure 2.7. The STM tip scans the sample surface horizontally (x, y 

directions). A feedback loop adjusts the tip–surface distance in order to keep constant the 

tunneling current. If the tunneling current exceeds its preset value, the feedback loop adjust 

the vertical position of the tip to decrease the tunnel distance, whereas if the tunneling current 

falls below this preset value, the tunnel distance is decreased. The value (z) corresponding to 

the tip vertical position is then stored for each point (x, y) of the scan. A 3D map of the 

surface is like this obtained by measuring the z tip position in each point a 2D grid covering a 

region of the sample. The corresponding 3D map of the sample surface is of the sample can 

be visualized on the monitor.  
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2.1.4 Treatment of STM images 
 

Processing STM images is essential not only to reduce image distortions but also to 

precisely and reproducibly assess surface properties and nano-object dimensions and position 

in the image. STM images are 3D maps of the surface is obtained by measuring the z tip 

position in each point a 2D grid covering a region of the sample. This 3D map is often 

converted into a 2D image, whose pixel (x, y) colour is determined by the z(x, y) value and a 

colour-to-z conversion function (defined by a colour scale bar). The STM images can be 

represented mathematically by z = f (x, y). 

 

We used the portable FabViewer application [10] to process the images. This software 

is a home made application developed by Dr Fabien Silly. The processing algorithms are 

based on the least square method; they minimize the sum of the squared deviations generated 

by the comparison of a set of observed data (z = f (x, y)) to data predicted by a selected model 

or function. The image processing algorithms are precisely described in Ref.[11]. 

 

The polynomial function is particularly efficient to correct image distortions along the 

tip fast scan direction, which are due to piezoelectric ceramic drift. Another very popular 

image correction is the plane correction. The tip scan course is rarely in the optimum 

direction to visualize the surface map. The plane correction permits to re-oriente STM data 

and preserve the surface morphology in the image. This correction is particularly adapted for 

processing flat area in the STM images. 

 

The ability to extract line profile in the STM images is particularly useful to precisely 

estimate the surface corrugation and reveal details less that <0.01 angstrom high. 

 

In complement colour scale image adjustment options are used graphically reveal 

STM image details in a picture. The STM image z(x,y) physical values are converted into 

coloured pixels, forming a 2D picture. A colour scale bar is defining the conversion rule. The 

dark colours correspond to the lowest physical height value whereas bright colours 

correspond to the highest physical height values. We used the colour scale image adjustment 

options to select the colours of the colour bar scale and also adjust the colour-physical value 

conversion rules to the detail of the STM image.  
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2.2 Experimental set-up 

 

2.2.1 UHV STM and preparation chamber 
 

In our experiments, we used a home-built ultra-high vacuum (UHV) system equipped 

with an Omicron VT-STM/AFM microscope which is controlled by a Nanonis MAX system 

(electronics supply and software). The UHV system, shown in the photograph of Fig. 2.8, is 

composed of several parts, namely the fast entry-lock, the preparation chamber and the 

measurement chamber.  

 

 

FIG. 2.8: Photograph of the ultra high vacuum system. 

 

The fast entry-lock can reach a pressure of 10-7 mbar with a membrane pump and a 

small turbo molecular pump running. Using a manipulator we can transfer new samples from 

the fast entry-lock to the preparation chamber, which has a base pressure of 10-9 mbar. The 

preparation chamber is equipped with an Ar+ sputter gun used for sample cleaning and an 

annealing system based on resistively heating. Annealing after sputtering brings the sample to 

an appropriate temperature to favour atom diffusion as to obtain a highly ordered single 

crystalline surface. The annealing temperature can be read by a K-type (Nickel-Chromium 

&Nickel-Aluminum) thermocouple which is mounted very close to the sample.  
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In the preparation chamber several Knudsen cell (K-cell) type evaporators are 

mounted to deposit the molecules of interest onto the surface. 

The UHV background is assured by ion getter pumps, Titanium sublimation pumps, 

and Turbo molecular pumps backed by membrane pumps. The base pressure of the STM 

chamber was 1×10-9 mbar. When performing STM measurements, the UHV is maintained 

only by ion getter pumps. All the other pumps are switched off to avoid the mechanical 

vibration during scanning.  

 

2.2.2 The Knudsen cell 
 

The K-cell utilizes the principle of molecular effusion (demonstrated by Knudsen in 

1909). The source material to be deposited is loaded into a crucible surrounded by heating 

filaments as shown in Fig. 2.9. 

 

FIG. 2.9: Photograph of a Knudsen cell used for depositing organic molecules or NaCl in  

ultra high vacuum. 

 

By controlling the current and voltage applied to the filament, the source can be 

heated to achieve a suitable vapour pressure and sublime a beam of electrically neutral 

material onto the clean substrate. A C-type thermocouple is mounted at the end of the 
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crucible to read out the temperature during deposition. A shutter is mounted next to the 

crucible by which the evaporators can be opened or shut. Normally the shutter will be closed 

and be opened only during deposition so that the depositing time can be well controlled. With 

this type of source coverage ranging from sub-monolayer to continuous films of the source 

material can be grown in a reproducible fashion and the whole sample surface can be covered 

homogeneously. 

 

2.2.3 STM tip preparation 
 

To obtain high resolution STM images, the preparation of a sharp and stable tip is 

crucial. Pt/Ir and W are two kinds of tips most widely used. Atomically resolved STM images 

can be recorded using a cut Pt/Ir wire. Cut STM tips are easy to prepare and as Pt/Ir is an 

inert metal alloy, it will scarcely be oxidized. This is the reason why, these STM tips are 

widely used in air, at solid-liquid interface and in ultra high vacuum. 

 

Pt/Ir wire (from Goodfellow, diameter 0.25 mm, purity 99.99%) was the chosen 

material for our STM tip. A mechanically cut tip is introduced into the ultra high vacuum fast 

entry lock first and then transferred via the preparation chamber to the STM meansurement 

chamber..  

 

Tungsten tips are only used in UHV systems because they oxidize in air. High purity 

tungsten wire (from Goodfellow, diameter 0.25 mm, purity 99.99%) was the chosen material 

to prepare a tungsten STM tip. A successful STM tip is produced by electro-chemical etching 

in aqueous potassium hydroxide (KOH) solution. 400 ml KOH solution with a concentration 

of 8mol/100ml is used and a Titanium wire as the electrode is embedded into the solution to 

etch the tungsten wire. The STM etcher is well fixed on a heavy metal plate to avoid 

vibrations. The electrode is bent into a circle around the area to be etched and the tungsten 

wire is positioned in the middle of the Titanium electrode. A 1.5 cm tungsten wire is 

immerged for 2/3 of its length into the KOH solution; a potential of around 2V is applied 

between the electrodes with a corresponding current of around 10 mA. After about 20 min, 

the lower part of the tungsten wire drops off into the tip solution and the power is 

immediately cut from the electrodes to stop the etching. The upper part of the tungsten wire 

constitutes a sharp STM tip which is immediately introduced into the vacuum chamber.  
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2.3 STM substrate :Au(111) 
 

2.3.1 Au single crystal 
 

 

FIG. 2.10: Unit cell of Au crystal structure. 

 

Gold has an atomic number of 79 and mass 197 amu in the periodic table (1 amu = 

1.66053886×10-27 kg). The melting temperature of pure gold is around 1064oC and the 

density is 19.32 g/cm3 under ambient conditions. The gold single crystal has a faced centred 

cubic (fcc) structure with a lattice parameter a of 4.08 Å, sketched in Fig. 2.10. The distance 

between the two nearest neighbours is around 2.9 Å. In our experiments the Au(111) surface 

was chosen as substrate. 

 

2.3.2 Au(111)/mica substrate preparation 
 

Crystalline Au(111) substrates were prepared by sublimation of 99.99% gold 

(Umicore materials AG) on mica. The sublimations were carried out in a custom build 

vacuum chamber with a base pressure of 10-7 mbar, achieved and maintained by a turbo 

molecular pump. Freshly cleaved mica sheets (Ted Paella, Inc.) were pre-heated at 640 K for 

12 hours. We deposited 150 nm thick film at a rate of ~ 2nm/min with the mica substrate 

heated to 640K. The deposition rate was measured with a quartz crystal microbalance. At the 
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end of the deposition the substrate was cooled down to room temperature over a period of 8 

hours. The substrates were introduced into UHV after growth. Before being used they were 

repeatedly sputtered (U = 0.5 kV, I = 10 mA, PAr=2×10-5 mbar) for 15 min and annealed at 

T=500oC typically for 45 min.    

 

2.3.3 Au(111)-(22×√3) reconstruction 
 

In Fig. 2.11(a), an STM image of an Au(111) surface, acquired in situ after sputtering and 

annealing the sample is shown. Triangular shaped islands with atomically flat terraces can be 

seen clearly confirming that our deposition protocol yields high quality crystalline films. The 

step height of a gold terrace was measured to be 2.35 Å. For layer by layer grown thin films, 

the atomic step height is the distance between the two nearest Au(111) surfaces which 

corresponds to the gold plane separation in the <111> direction of the gold single crystal and 

amounts to √3/3a = 2.3 Å (a is the lattice constant of a gold crystal). This shows a perfect 

agreement with our experimental value. Ideally, the Au(111) surface reconstructs into a 

herringbone pattern, but often this surface forms a complicated pattern of paired corrugation 

lines [5, 6], as seen in Fig. 2.11(b).  

 

 

FIG. 2.11: STM images of the Au(111)-(22×√3) superstructure, (a) 150×150 nm2; Vs = 

+1.0V, It = 0.5 nA. (b) 60×60 nm
2; Vs = +1.33 V, It = 0.3 nA. The (22×√3) unit cell is 

represented in blue in (b). 
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A schematic illustration of the herringbone structure which in the Wood notation is 

called Au(111)-(22×√3) is shown in Fig. 2.12. The Au(111)-(22×√3) superstructure has a 

rectangular unit cell having a (22×a×√2/2 = 6.35 nm) and (√3×a×√2/2 = 5 Å) length. 

a×√2/2 corresponds to the atom separation in the ideal (111) surface. These paired 

corrugation lines are aligned with the <11
−

2 > gold direction and repeat periodically every 6.3 

nm (long side of the Au(111)-(22×√3) unit cell).  

 

 

FIG. 2.12: (a): schematic illustration of the herringbone reconstruction. (b): height 

oscillation in the Au(111) herringbone structure [5]. 
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The length of the short side of the Au(111)-(22×√3) unit cell is around 0.5 nm. The 

Au(111) surface is a strained surface. The surface reduces its lattice strain energy by the 

contraction of the top atomic layer. This leads to the formation of an anisotropic, periodic 

dislocation network consisting of parallel dislocations. The corresponding (22×√3) surface 

reconstruction can appear in the degenerate orientational domains due to the six-fold 

symmetry of the underlying bulk crystal. On clean and fully relaxed Au(l11), large regions 

where narrow stripe-shaped domains of two orientations alternate in a herringbone pattern are 

visible [5, 7]. The model of the Au(111)-(22×√3) superstructure [5] presented Fig. 2.12 

illustrates that along the <1
−

1 0> direction, the distance between 24 Au surface atoms 

corresponds to the separation between 23 bulk atoms (22 unit cell of the Au(111)surface). 

This induces a shift in the <11
−

2 > direction of some atoms that form hcp region. 

 

This therefore results in the formation of fcc and hcp domains. At the hcp-fcc 

boundary, the surface gold atoms are in bridge position (Gray circles in Fig.2.12), their 

vertical position is the highest on the surface whereas the vertical position of the hcp atoms is 

the lowest this results in a height oscillation as shown in Fig.2.12(b). The bridge atoms form 

a double line domains covering the Au(111) surface (compare to Fig.2.11(b)) in the 

equivalent gold directions. This is why the angle between the lines at the domain boundary is 

120°. This forms a zig–zag pattern, which is called the gold ‘‘herringbone’’ reconstruction. 
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Chapter III 

 

Multi-component molecular networks investigated using scanning 

tunneling microscopy 

 

 

 Organic device performances are strongly correlated with the design, the composition 

and the structure of the molecular layer which is at the heart of the device. Improving device 

efficiency requires engineering the molecular layer at the molecular scale to optimize the 

structure and reduce the formation of defects. This requires to wisely select the organic 

components that will be the building blocks of the layer but also to understand and control the 

assembly of the molecules to tailor the molecular layer structure.   

 

In this chapter, we report on the investigation by scanning tunneling microscopy of 

multi-component supramolecular self-assemblies on Au(111) surface. In the case of PTCDA-

melamine self-assemblies, we examined the influence of temperature and molecular ratio on 

the multicomponent supramolecular structures. The ordering of C60 molecules on top of 

PTCDA-melamine layer will be discussed. We also studied if the mixture of PTCDA 

molecule, a symmetrical molecule, with a non symmetrical molecule like adenine can lead to 

the formation of a long-ranged supramolecular architecture.  

 

3.1 Single component supramolecular self-assemblies 

 

3.1.1 Molecular building blocks 
 

3,4,9,10-perylene-tetracarboxylic acid dianhydride (PTCDA) is a prominent 

representative within the class of π-conjugated molecules for use in molecular electronic 

devices. Condensed in a thin film or a molecular crystal PTCDA shows semiconducting 

properties and its adsorption on different metal substrates has been studied due to the interest 

of molecular devices [52]. PTCDA is also a versatile molecular building block for its ability 

to form hydrogen bonds with other molecular species. Mixing differently shaped molecules is 
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expected to lead to the formation of sophisticated supra-molecular structures. Indeed, 

bidimensional (2D) hydrogen-bond networks are formed by mixing PTCDA with DATP and 

TAPT [1 ,2] or with pentacene [3] in an adsorbed monolayer. PTCDA has a rectangular shape 

as shown in Fig. 3.1 (a), and measures 1.2 nm along the long side of the molecule. 

 

 
FIG. 3.1: Chemical structure of (a) PTCDA, (b) melamine, (c) C60 fullerene, (d) adenine. Red 

balls are oxygen atoms, grey balls are carbon atoms, blue balls are nitrogen atoms, white 

balls are hydrogen atoms. 

 

Melamine has often been chosen as one of the molecules to form multi-component 

molecular networks [4, 5, 6, 7] on surfaces due to its triangular shape and N-H functional 

groups at the end depicted in Fig. 3.1 (b), which enables hydrogen bond formation with other 

organic molecules. Melamine has been successfully deposited onto Au(111) [8, 12 , 5 , 6, 7], 

Ai-Si(111) [7] and NaCl(100) [9] surface to form ordered layers by itself or to form 

molecular networks with other molecules.  

 

C60 shown in Fig. 3.1(c) has been successfully grown on various metal, 

semiconductor or insulator substrates It is found to form ordered structures on surfaces as 

different as Pd(110) [10],  Cu(100) [11], Ag/Pt(111) [12] Au(111) and Ag(111) [13], KBr 

[14]. The deposition of C60 as a guest molecule in different molecular networks is also a hot 

topic in recent publications, such as C60 absorbed on a monolayer of hexaazatriphenylene-

hexanitrile (HATCN) [15], and C60 on PTCDI-melamine molecular networks [16].  

 

Adenine, shown in Fig. 3.1(d), has been observed to form highly ordered 

supramolecular structures on a variety of solid surfaces. Adenine molecules have been 

evaporated previously on Cu(111) [17-22], Cu(110) [23, 24], Au(111) [25, 26], Ag 

terminated Si(111) [27] surfaces. In most cases, adenine is absorbed in structures where it is 

lying flat on the surfaces. In the case of adenine molecule grown on Au(111) surface, the 
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STM observations reveal two structures, both having a hexagonal geometry in which each 

molecule forms double hydrogen bonds with three nearest neighbours.  

These characteristics make PTCDA, melamine and adenine model molecular building 

blocks for engineering new supra-molecular architectures. At low coverage all these 

molecules are very mobile on the surface even at the low temperature. This is the reason why 

adenine first attaches to the step edges at 120 K. Due to the high mobility of the adenine 

molecules at room temperature on Au(111), adenine molecules cannot be imaged using STM 

[26]. PTCDA and melamine instead form stable networks on Au(111) at room temperature. 

 

Electronic properties of the isolated building blocks  

 

The electronic properties of the molecule are determined by the energy difference 

between the highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO).  

 

We calculated the electronic properties of isolated single molecules using the software 

Hyperchem and in the semi-empirical AM1 approximation [51]. The surface was not 

included in the calculations. This program allows us to determine molecules HOMO and 

LUMO energy as well as the corresponding electron density distribution. 

 

• PTCDA 

 

Fig. 3.2 shows a PTCDA molecule and the corresponding mapping of electron density 

distribution of the HOMO and LUMO. The HOMO level energy of a single PTCDA 

molecule is calculated to be -9.13 eV and that of the LUMO level amounts to -3.37 eV 

resulting in a separation between the two of 5.76 eV. When the molecules form a crystal the 

orbitals will give rise to narrow bands separated by a band gap and therefore PTCDA exhibits 

semiconducting behaviour. The HOMO and LUMO electron densities representated in 

Fig.3.2 show that for both orbitals the minimum electron density is localized along the main 

PTCDA axis passing through the molecule centre. The maximum electron density results on 

the peripheral carbon atoms of the perylene skeleton and on the four external oxygen atoms. 
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FIG. 3.2: Chemical structure of the PTCDA molecule (red = oxygen atoms, gray = carbon 

atoms, white= hydrogen atoms) and the calculated electron density distribution for the 

HOMO and LUMO levels of the molecule. 

 

 

• Melamine 

 

 

FIG. 3.3: Chemical structure of the melamine molecule(grey = carbon atoms, blue= nitrogen 

atoms, white=hydrogen atoms and the calculated electron density distribution for the HOMO 

and LUMO levels of the molecule. 

 

Fig. 3.3 shows the calculated electron density distribution for the HOMO and LUMO of a 

single melamine molecule The HOMO energy is calculated to be -9.6 eV and that of the 
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LUMO level is 1.27 eV which gives a separation of ~ 10.75 eV. We expect therefore that 

melamine in the solid state exhibits insulating bahaviour. This might imply that recording 

STM images of these molecules will be very challenging. Both the HOMO and LUMO are 

twofold degenerated orbitals.  

 

• Adenine 

 

Fig. 3.4 shows the calculated electron density distribution of the HOMO and LUMO 

energy level in a single adenine molecule. The HOMO level is calculated to be -8.55 eV and 

that of the LUMO level is -0.23 eV which indicates the HOMO LUMO separation of around 

8.32 eV. We expect therefore that melamine in the solid state exhibits insulator behaviour and 

correspondly difficulties in imaging with STM. The electron density distribution in the 

HOMO and LUMO of adenine is very similar. The maximum of density of states is localized 

on the C and N atoms in the HOMO except for on C atom in the LUMO state. 

 

 

FIG. 3.4: Chemical structure of adenine molecule(grey =carbon atoms, blue = nitrogen 

atoms, white =hydrogen atoms) and the calculated electron density distribution for the 

HOMO and LUMO level of the molecule. 

 

• C60 fullerene 

 

Electronic properties of C60 have already been studied extensively. Gas phase 

photoemission data of the HOMO levels from neutral and negatively-charged free C60 give a 

separation of 4.9 eV [48, 49, 50]. This separation corresponds to the sum of the HOMO-

LUMO separation plus the on-ball Coulomb interaction, U, and reduces to 2.7 eV for C60 on 

Au(111) [47] because U is largely screened. Theoretical calculation shows that the map of 

C60 density has a 3D ball shape. [47]  
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 Our calculations show that the electron density is distributed over the whole PTCDA, 

melamine and adenine molecules, hence the electron density distribution mapping of the 

molecules is similar to the molecular shape. In the following section we will investigate 

supramolecular assemblies on Au(111). To assess molecule-molecule interactions involved in 

molecular self-assembly, it is essential to minimize molecule substrate interaction. At room 

temperature molecules can diffuse on the metal surfaces. In that case the resulting 

supramolecular self-assembly is governed by the molecule-molecule interaction. The 

advantage of Au(111) over other metal is that this surface is inert in comparison to the others 

(like Ag, Cu, etc.). This reduces the probability that surface contamination actes as organic 

network nucleation spot. These are the reason why we chose Au(111) to investigate two-

dimensional supramolecular self-assembly. 

 

3.1.2 PTCDA self-assemblies on Au(111)-(22×√3) 
 

Structure I: herringbone structure 

 

When PTCDA is deposited at a flux of ~ 1ML/2min from a crucible at 520 K onto a 

substrate at room temperature, a compact structure is formed, as can be seen in the STM 

images shown in Figs.3.5 (a) and (b). The molecular 2D-ordering exhibits a uniform structure 

with a herringbone-like pattern. The shape and the arrangement of the molecules can be 

identified in the image. The 12.0×20.0 Å2 unit cell of structure I is rectangular, as sketched in 

Fig.3.5 (c), and each unit cell contains two molecules (one completely embedded inside the 

unit cell, and four others contribute ¼ of the molecule each to the unit cell), with their main 

axes oriented at an angle of 86o with respect to each other as was observed previously [28,29]. 

The gold reconstruction under the molecular layer remains visible in the STM image. 
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FIG. 3.5: STM images of a PTCDA structure I domain on Au(111) surface (a) (43×43 nm2; 

Vs = +1.3 V, It = 0.3 nA) (b) (17×17 nm
2; Vs = +1.3 V, It = 0.3 nA). (c) model of PTCDA 

structure I on Au(111). (d) PTCDA-PTCDA building block arrangement consistent with 

structure I. 

 

There are two different PTCDA-PTCDA bindings in the herringbone structure, 

Fig.3.5(d). This highlights that PTCDA oxygen atoms interact with PTCDA H-C functional 

groups. Three O atoms are involved in the PTCDA pair (Fig.3.5A(d), top), whereas there are 

only two O in the second PTCDA pair (Fig.3.5A(d), bottom).  

 

 Structure II: domino structure 

 

PTCDA structure II also appears when PTCDA molecules are deposited on Au(111) 

substrate at room temperature, Fig.3.5B. 
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FIG.3.5B: (a) STM image of PTCDA domain on Au(111) surface (11×7 nm2; Vs = -0.3 V, It 

= 0.7 nA). (b) model of PTCDA structure II on Au(111). (c) PTCDA-PTCDA building blocks 

consist of the PTCDA structure II. 

 

STM image shows that PTCDA molecules arrange into square patterns as shown in 

Fig.3.5B(a). The shape and the arrangement of the molecules can be clearly seen according to 

the image and a 1.59×1.53 nm2 unit cell of structure II is formed. Fig.3.5B(b). Each unit cell 

contains 4 PTCDA molecules and each of the PTCDA molecule contributes to two 

neighbouring unit cells, with their main axes oriented at an angle of 80o with respect to each 

other. This structure is made by one single PTCDA pair Fig. 3.5B(c). Two O atoms interact 

with H-C functional groups. 

 

3.1.3 Melamine self-assembly on Au(111)-(22×√3) 
 

STM image in Fig.3.6(a) shows that melamine, which is deposited 110oC on a room 

temperature Au(111) substrate, forms ordered layers on Au(111) surface. Melamine forms a 

hexagonal chiral supramolecular structure on Au(111), Fig.3.6(a). In the proposed model 

(Fig.3.6(b)) melamine arrangement is stabilized by double hydrogen bonds (N…H-N) 

between melamine molecules Fig.3.6(c). The average melamine hexagon center-center 

separation is measured to be 9.8 Å.  
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FIG. 3.6: (a) STM image of melamine domain, It= 0.5 nA, Us=-1.1V (7×7 nm
2)  

(b) model of the melamine 2D ordering from (c) melamine building blocks consist of the 

hexagonal structure. 

 

Melamine close-packed structures have been observed at the melamine domain 

boundary [8]. 

 

3.1.3 C60 orderings on Au(111)-(22×√3) 
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FIG. 3.7: (a) STM high resolution image of C60/Au(111) , 37 37 nm2, Vs= -1.38 V, It = 0.3 

nA; (b)model of the structure from STM image (a). (c) molecular corrugation of the line 

profile from (a). 
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C60 molecule is deposited at a temperature of around 400oC, and sample substrate is 

kept at room temperature during the deposition procedure. C60 can form ordered thin films on 

Au(111) substrate. In Fig.3.7(a), The STM image shows that C60 molecules form a hexagonal 

closed packed structure on an Au(111) surface, a plausible model of the hexagonal structure 

is proposed in Fig.3.7(b). The distance between the two nearest neighbours is 9.8 Å, which 

can be read from the line profile in Fig.3.7(c).  

 

At low C60 coverage, single fullerene molecule rows are observed on the bare Au(111) 

surface as shown in Figs.3.8(a,b).  

 

 

FIG. 3.8: STM images of C60 on Au(111) (low coverage) (a) 116×102 nm
2, Vs=-0.9 V, It= 

0.3 nA, (b) line profile of the clusters in (a) 

 

The images also show that the original double-ridge Au reconstruction remains 

unperturbed with the C60 molecules on top. STM image shows that single C60 molecules 

preferentially adsorb at the elbows of the Au(111) reconstruction resulting in the formation of 

paralleled fullerene rows regularly spaced. It is shown that nucleation and growth of C60 at 

the defect sites are preferred because the diffusion coefficient of deposited C60 molecules are 

very low at the Au(111) superstructure edge locations, which leads to preferential nucleation 

at the elbows of the reconstruction [30].  
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3.2 Tailoring 2-dimensional PTCDA-melamine supramolecular 

assemblies on Au(111)-(22×√3) by controlling the substrate 

temperature 

 

3.2.1 PTCDA-melamine self-assembly at room temperature 
 

PTCDA and melamine molecules are deposited in UHV onto a room temperature gold 

substrate. STM images show that PTCDA and melamine self-assemble into a supramolecular 

network at room temperature on Au(111)-(22×√3), Fig. 3.9. PTCDA and melamine form 63 

nm large rows oriented in the <110> gold crystallographic direction, Fig. 3.9(a). The 

Au(111)-(22×√3) superstructure can be clearly seen under the molecular network domain.  

 

 

FIG.3.9: STM images of large scale PTCDA-melamine(3:2 ratio) molecular networks on 

Au(111)-(22×√3). (a) One single domain of the network 63 ×26 nm2; Vs = -1.0 V, It = 0.3 nA. 

(b) Differently-oriented domains of PTCDA-melamine molecular network 58 ×63 nm2; Vs = -

1.6 V, It = 0.2 nA 

 



Multi-Component Molecular Networks 

 74 

PTCDA-melamine network can have different orientation on the Au(111) surface, 

Fig.3.9(b). The angle between the two domains is 60°, which corresponds to the gold 

equivalent directions. This shows that the PTCDA and melamine form epitaxial domains on 

Au(111). 

 

Figs.3.10 (a) and (b) show high resolution STM images of the PTCDA-melamine 

supramolecular self-assembly. Molecules form an open network made of parallel rows. Each 

row is composed of PTCDA square linked to each other through melamine pairs as shown in 

Figs.3.10(b,c). The PTCDA molecular axis is rotated by~ 20 o with respect to gold <112> and 

<110> directions, making this structure chiral. 

 

 
FIG.3.10: PTCDA-melamine network (3:2 ratio) on Au(111)-(22×√3),  

(a) 17×18 nm2; Vs = -1.1 V, It = 0.3 nA, (b) 14×3 nm
2; Vs = 0.6 V, It = 0.4 nA.  

(c) Plausible molecular arrangement occurring in (a). 
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STM images of the two enantiomeric PTCDA-melamine networks with the two chiral 

orientations of the network are presented in (a) and (b). Melamine molecules are not visible 

in Fig. 3.10(a). Melamine molecules appear darker than PTCDA molecules in Fig.3.10(b). 

This shows that melamine molecules are less conducting than PTCDA molecules. In addition 

the melamine aspect in STM images depends on tunneling parameters. Each melamine 

molecule is connected to four PTCDA molecules through single hydrogen bonds, and to one 

melamine molecule through a double hydrogen bond. This supramolecular network has a 2.9 

× 2.0 nm2 rectangular unit cell and the PTCDA: melamine ratio is 3:2. The network unit cell 

is outlined in Fig 3.10(c) in blue. 

 

 

FIG. 3.11: Molecular interactions of PTCDA-melamine open structure 

(PTCDA:melamine=3:2). 

 

In this structure, six different kinds of intermolecular interactions are present which 

stabilize the PTCDA-melamine open molecular network. There are two kinds of PTCDA-

PTCDA intermolecular interactions which also appear in the PTCDA molecular network on 

Au(111) substrate, Figs.3.11(a,b). Fig.3.11(a) illustrates the PTCDA-PTCDA interaction 

between the C-H···H-C functional groups by which PTCDA molecules are positioned parallel 

to each other. While Fig.3.11(b) illustrates the PTCDA-PTCDA attractive interactions 

between the C-H···O functional groups by which PTCDA molecules are positioned 

perpendicular to each other. Three different kinds of hydrogen bonds have been formed 

between the PTCDA melamine molecules, Figs. 3.11(c.d.e). Fig.3.11(c) gives a model of 

PTCDA melamine forming double hydrogen bond between an N-H functional group from the 

melamine molecule and two O atoms from the PTCDA molecule. Fig.3.11(d) gives a model 

of a double hydrogen bond formed between two N-H functional groups from the melamine 

molecule and an O atom from the PTCDA molecule. And Fig.3.11 (e) gives a model of a 
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single hydrogen bond formed between an N-H functional group from the melamine molecule 

and an O atom from the PTCDA molecule. Fig.3.11(f) presents a double hydrogen bond 

formed between the N-H···H-N functional groups from two neighbouring melamine 

molecules, this double hydrogen bond also appeared in the hexagonal melamine network.  

 

3.2.2 PTCDA-melamine self-assembly at 72°C 
 

The gold substrate was annealed for 14 hours at 72°C and then cooled down to room 

temperature. STM image in Fig.3.12 shows that another PTCDA-melamine row 

superstructure is formed after this thermal annealing. This means that annealing provides 

sufficient thermal energy for molecules to move on the surface in order to form new 

molecular arrangement. The network rows are separated by 2 nm with respect to another. The 

Au(111)-(22×√3) superstructure can still be seen under the molecular network domain, 

Fig.3.12.  

 

 

FIG. 3.12: PTCDA-melamine network (1:2 ratio) on Au(111)-(22×√3), (115×65 nm2; Vs = -

1.1 V, It = 0.4 nA). 

 

Fig.3.13(a) shows the high resolution image of this row like PTCDA-melamine 

superstructure. PTCDA and melamine form now a structure of ordered single PTCDA rows 

separated by single melamine rows as shown in Figs.3.13(a,b). 
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The PTCDA molecular axis is rotated by 50o with respect to the row thereby making 

this structure chiral. The angle between the molecular rows and the gold < 110 > direction is 

~15o. The unit cell outlined in Fig.3.13 (b) in blue has a parallelogram shape, with an angle of 

80o, and 1.1 nm (the periodicity along the PTCDA rows) and 2.1 nm lattice parameters 

(PTCDA-PTCDA separation across two melamine rows). Each melamine molecule is 

connected to three PTCDA molecules through single N-H···O hydrogen bonds and to two 

melamine molecules through two N-H···N hydrogen bonds. The PTCDA: melamine ratio is 

1:2.  

 

 

FIG. 3.13: PTCDA-melamine network (1:2 ratio) on Au(111)-(22 3× ), (a) 21×21 nm2; Vs = 

-0.9 V, It = 0.5 nA). (b) Plausible molecular arrangement occurring in (a). 

 

The PTCDA melamine row-like structure is made of five different kind of 

intermolecular interaction between the PTCDA-PTCDA, PTCDA-melamine and melamine-

melamine molecules, Fig.3.14. Fig.3.14(a) illustrates the PTCDA-PTCDA interaction 

between the C-H… H-C functional groups by which PTCDA molecules are positioned parallel 

to each other. Three different PTCDA-melamine hydrogen bonds are shown in Figs.3.14 

(b,c,d). Fig. 3.14(b) illustrates the paired single hydrogen bond between an N-H functional 

group from a melamine molecule and two O atoms from a PTCDA molecule. Figs.3.14(c,d) 

illustrate the single hydrogen bond both between an N…H functional group of a melamine 

molecule and an O atom from a PTCDA molecules. However, the different orientation of the 

two hydrogen bonds makes the PTCDA-melamine positioned differently. Fig.3.14(e) presents 

a double hydrogen bond formed between the N-H…N functional groups from two 
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neighbouring melamine molecules. In comparison with the molecular interactions from the 

open PTCDA-melamine supramolecular network, the PTCDA-PTCDA and melamine-

melamine molecular interactions appear the same while the PTCDA-melamine hydrogen 

bonds are new. 

 

 

FIG. 3.14: Molecular interactions in the PTCDA-melamine raw structure 

(PTCDA:melamine=1:2). 

 

Our STM observations show that thermal annealing can be used to change PTCDA-

melamine supramolecular self-assembly. The open network (fig.3.10) and the row network 

(Fig.3.13) were observed at room temperature and the molecular ordering was not evolving 

with time(after days testing). This means that these two structures are stable. We didn’t find 

annealing temperature permitting to switch back the row structure to the open structure. The 

thermally induced transition from the more open PTCDA-melamine structure to the row-like 

structure seems therefore irreversible. This also suggests that the molecular row structure in 

Fig.3.13 is the lowest energy structure.  

 

These observations highlight that PTCDA and melamine are mobile at 72°C on 

Au(111) and that different hydrogen bonding is possible, depending on the temperature.  

However, our experimental setup does not allow us to record high temperature STM images 

of the surface in order to explore the kinetics of the supramolecular structure transformation 

process. Our observations also show that in addition to the supramolecular structure, the 

molecule ratio composing the organic architecture is also changing after annealing. This 

seems to indicate that the ratio of molecules deposited on the surface may also influence the 

multi-component supramolecular assembly.  
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3.3 Tailoring PTCDA-melamine supramolecular assemblies on 

surfaces by controlling the molecular ratio 

 

We just show that PTCDA-melamine supramolecular self-assemblies having different 

molecular ratio can be created on Au(111) by thermal annealing. The open structure has a 3:2 

PTCDA: melamine ratio whereas the row structure has an 1:2 ratio. Molecular ratio and 

concentration seem therefore to be additional key parameters driving multi component 

supramolecular self-assemblies.  

This has been shown in [31], where they show that at the solid liquid interface the 

molecular concentration can influence the 2D molecular self-assembly. In UHV, PTCDI-

melamine self-assembled structures having 3:2 [32], 3:4 [33], 13:10 [34] molecular ratio have 

been observed. This suggests that molecular ratio may be used to drive molecular self-

assemblies like temperature does.  

 

In this section we investigate the ratio-dependent PTCDA-melamine supramolecular 

self-assembly on Au(111)-(22×√3) at room temperature.   

 

3.3.1 PTCDA-melamine self-assemblies: 3:2 →1:2 ratio 
 

First, PTCDA molecules were deposited on a room temperature Au(111) surface. 

STM images show that PTCDA preferentially forms a herringbone network, Fig.3.15(a). 

 

 

FIG. 3.15: STM images of PTCDA-melamine networks on Au(111)-(22×√3), (a) PTCDA: 

structure, (7×7 nm2, Vs = +1.05 V, It =0.5 nA), (b) PTCDA: melamine = 3: 2 (8×8 nm
2; Vs = 

-1.1 V, It = 0.3 nA). (c) PTCDA: melamine = 1: 2 (10×11 nm
2; Vs = -0.9 V, It = 0.5 nA). 
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  Melamine molecules were then deposited on the surface sequentially. Our STM 

images show that the PTCDA-melamine open structure (Fig. 3.15(b)) progressively appears 

on the surface. The detailed interpretation of this structure has been given in section 3.2, 

Fig3.10. This multi-component structure is coexisting with the PTCDA network. At a 3:2 

PTCDA: melamine ratio covering the surface, the PTCDA-melamine open structure is the 

dominating structure covering the surface.  

 

 

FIG. 3.16: STM images of PTCDA-melamine network on Au(111)-(22×√3), 19×19 nm2, Vs = 

-1.42 V, It =0.22 nA. 

 

Increasing the amount of melamine deposited on the surface leads to the formation of 

the row-like PTCDA-melamine network having a 1:2 ratio. When the concentration ratio of 

PTCDA: melamine is between 3:2 and 1:2, the PTCDA network is not observed anymore and 

the PTCDA-melamine open structure and the row structure are coexisting, Fig. 3.16. At a 

ratio of 1:2, the open structure is only locally observed and the 1:2 ratio structure is the 

dominant molecular ordering covering the surface, Fig.(3.15(c)). The coverage of substrate 

surface is kept below 50% to ensure enough free space for structural arrangement.  

 

3.3.2 PTCDA-melamine 1:4 ratio structure 
 

Fig. 3.17(a) shows the molecular superstructure formed after additional deposition of 

melamine. Melamine is now in large excess in comparison of PTCDA (~1:4). The PTCDA-
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melamine structure now observed is composed of PTCDA rows separated by melamine 

double rows. The structure model is shown in Fig. 3.17(b). PTCDA rows are oriented along 

the <110> Au direction. The unit cell outlined in Fig. 3.17(b) has a parallelogram shape, with 

an angle of 80o and 1.1 nm (the periodicity along the melamine rows) and 3.3 nm lattice 

parameters (melamine-melamine separation across two melamine rows). 

 

 

FIG. 3.17: (a) PTCDA-melamine network (1:4 ratio) on Au(111)-(22×√3) surface at room 

temperature (23×19 nm2; Vs = -0.8 V, It = 0.4 nA).  

(b) Plausible molecular arrangement occurring in (a). 

 

This network is chiral. Melamine molecules are connected either to two PTCDA and 

two melamine molecules or to a single PTCDA and three melamine molecules by hydrogen 

bonds. Within one unit cell, there is one PTCDA molecule connected with four melamine 

molecules. From the modeling we can see the PTCDA: melamine ratio is 1:4. As the 

melamine is less conductive molecules, a high molecular concentration of the melamine 

makes this structure tricky to image by STM. 

 

3.3.3 PTCDA-melamine ratio: melamine is excess (> 1:4) 
 

Fig.3.18 shows an STM image of the Au(111) surface after further deposition of 

melamine. The molecular concentration ratio of PTCDA: melamine is much more than 1:4. 

The PTCDA-melamine 1:2 network is locally observed in the image. Small PTCDA rows are 

now observed in the melamine network, which is not covering entirely the Au(111) surface, 
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Fig.3.18. At this ratio there is not longer multi-component long-range ordering of the PTCDA 

and melamine molecules. 

 

 

FIG. 3.18: STM images of PTCDA-melamine network (>1:4) on Au(111)-(22×√3), 

(a)175×175 nm2, Vs = -1.1 V, It =0.4 nA. 

 

STM images reveal that molecular ratio is an additional key parameter with 

temperature driving PTCDA-melamine supramolecular self-assembly. Deposition of PTCDA 

in excess in comparison with melamine on Au(111)-(22×√3) at room temperature leads to the 

formation of a chiral supramolecular network having a PTCDA: melamine ratio of 3:2, 

Fig.3.15(b). Additional deposition of melamine leads to the formation of a chiral close-

packed network having a PTCDA: melamine ratio of 1:2, Fig.3.15(c). This observation shows 

that the supramolecular ordering strongly depends on the molecular concentration ratio. 

Increase of melamine concentration induces a different reorganization of the molecular 

structure at room temperature. The formation of the PTCDA-melamine open network only 

appears when PTCDA is in excess. When melamine is in excess, the PTCDA-melamine 

supramolecular structures are composed of rows of single PTCDA separated by rows of 

melamine (PTCDA: melamine = 1:2). Increasing the melamine concentration permits to tune 

the PTCDA rows separation by inserting additional melamine rows, as shown in Fig. 3.17 

(PTCDA:melamine=1:4). In Fig.3.15(c), one melamine row separates the PTCDA rows, 

whereas two melamine rows separate the PTCDA rows in Fig.3.17. Keep increasing the 
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melamine concentration leads to inserting melamine rows between PTCDA rows until the 

long range ordering is lost when melamine: PTCDA ratio is >> 4:1.  

 

3.3.4 Influence of the deposition sequence in the PTCDA-melamine self-
assembly 
 

We will now investigate the influence of the molecule deposition sequence on 

PTCDA-melamine supramolecular self-assembly. Until now, PTCDA molecules were 

deposited first, followed by melamine deposition.  

 

 

FIG.3.19: STM image of PTCDA-melamine network, in the circle is the 1:2 structure, and in 

the circle is the new molecular network; 175×115 nm2, Vs = -0.5V, It = 0.8 nA. 

 

STM image in Fig. 3.19 is recorded after deposition of 1 monolayer of melamine 

followed by deposition of PTCDA molecules onto a room temperature Au(111) surface. A 

new structure appears. This structure is coexisting with the 1:2 structure and the single 

PTCDA rows. 
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FIG. 3.20: STM images of PTCDA-melamine network on melamine/Au(111)-(22×√3), 

(a)35×35 nm2, Vs = -0.5 V, It  = 1.0 nA (b) plausible model of the network. 

 

Fig. 3.20 (a) shows that PTCDA forms a superstructure in the melamine molecular 

layer. The PTCDA supramolecular network is an open structure, Fig. 3.20(a). This structure 

was only locally observed. The network model is presented in Fig. 3.20(b). The unit cell 

outlined in Fig. 3.20 (b) in blue has a parallelogram shape, with an angleθ  of 42o (the angle is 

resolved from the STM images while there can be an error in the model in Fig. 3.20(b)) and a 

3.8 nm lattice parameter (PTCDA- PTCDA separation outlined by the lines). Each PTCDA 

molecule in the centre of the unit cell is connected to four other PTCDA molecules through 

two O atom and H-C functional group interactions. The unit cell is composed of three 

PTCDA molecules  

 

 

FIG. 3.21: Molecular interactions (PTCDA open structure). 
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In this structure only one molecular interaction appears between the PTCDA-PTCDA 

molecules, Fig. 3.21. The structure is stabilized by an attractive molecular interaction 

between a C-H functional group and an O atom from the PTCDA molecules, Fig. 3.21. This 

PTCDA-PTCDA molecular interaction doesn’t exist in the PTCDA network. 

 

3.4 C60 on PTCDA-melamine molecular network 

 

Fullerene molecules form a close-packed structure on metal surfaces[35], this is the 

reason why 2D open supramolecular networks have been used to trap fullerene molecules and 

form long range ordering of single fullerene or cluster of fullerene on metal surfaces[36] 

 

 

FIG. 3.22: (a) STM image of C60 on PTCDA-melamine network on Au(111), 72×61 nm
2, Vs= 

-1.4 V, It=0.3 nA; (b) line profile from (a). 

 

C60 molecules have been deposited at room temperature onto the Au(111) surface 

covered with the 3:2 PTCDA-melamine supramolecular open network. STM images show 

that C60 molecules prefer to grow on top of the bare Au(111) surface rather than the PTCDA-

melamine molecular networks.  

 

When larger quantities of the C60 molecules are deposited on the surface, C60 domains 

grow on the PTCDA-melamine network. However, STM images show that C60 form close-
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packed hexagonal domains on the organic layer. The distance separating C60 nearest 

neighbors is around 0.98 nm which corresponds to the C60 separation on bare Au(111). This 

means that the size of the PTCDA-melamine cavities is too small to trap C60 molecules or to 

prevent C60 close-packing at room temperature. However the PTCDA-melamine network can 

be used as an organic layer to decouple the C60 molecules from the Au surface. 

 

3.5 PTCDA-adenine supramolecular self-assembly 

 

The self-assembly of bio or organic molecules into supra structures is a research area 

of huge fundamental and applied interest because of the potential applications in future nano-

technological devices [37-45]. Bio-molecule bases such as adenine, guanine and cytosine 

have been studied in 2 dimensional networks. Adenine molecules have the advantage to grow 

as ordered layers on Au(111) substrates as we have shown in section 3.1.3 [26]. However, 

when adenine is mixed with other bio-molecular bases, no ordered 2-dimensional structure is 

observed due to its asymmetric molecular structure [46].  

 

Here, we investigate intermolecular interactions between a semi-conducting organic 

molecule (PTCDA) and a bio-molecular base (adenine). The adenine molecule, which has 

functional N-H groups, has an asymmetric molecular structure. The PTCDA molecule, which 

has functional O-H groups, has a symmetric molecular structure. Although the formation of 

hydrogen bonds would be expected when adenine is mixed with PTCDA, there is always a 

risk that no ordered structures could be created due to the asymmetric molecule structure of 

adenine.  

 

PTCDA molecules are evaporated at a temperature of 270oC on an Au(111)-(22×√3) 

substrate at room temperature, followed by the deposition of adenine molecules sublimated at 

145oC on the substrate held at room temperature.  
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FIG. 3.23: (a) STM image of large scale PTCDA-adenine supramolecular networks, 

33×33nm2, Us=-0.96 V, It= 0.35 nA, (b) FFT image of the PTCDA-adenine structure. 

 

 

The large scale STM image in Fig 3.23(a) shows that PTCDA and adenine form a 

sophisticated supramolecular network on Au(111)-(22×√3). The long-range molecular 

ordering is confirmed by the 2D Fast Fourier transform (FFT) image (Fig. 3.23(b)) of the 

STM image (Fig. 3.23(a)). The main peaks have been surrounded with a blue circle in Fig. 

3.23(b), which corresponds to the diffraction of the network unit cell.  

 

High resolution STM images of the PTCDA-adenine network are presented in Figs. 

3.24 (a,b). PTCDA molecules appear bright, whereas adenine molecules appear darker. This 

supramolecular network is chiral. The two chiral unit cells are highlighted using a 

parallelogram in the two STM images. Unit cell differences in the two images are due to 

STM piezo drift. The unit cell has the lattice parameters 3.9 (A1) and 3.1 nm (A2) and an 

angel of around 70o with respect to each other. A model of this complex supra structure is 

given in FIG. 3.24 (c). The PTCDA molecules orientation can be deduced from the STM 

images, however the adenine molecule shape is not well resolved. This is why the adenine 

orientation in our model remains speculative. The PTCDA-adenine network is composed of 

10 PTCDA molecules and 4 adenine molecules. The PTCDA: adenine network ratio is 

therefore 5:2.  
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FIG. 3.24: STM image showing the PTCDA-adenine supramolecular networks (a)10×7 nm2, 

Us=-0.76 V, It=0.35 nA (b) 7×3.5 nm
2, Us=-0.35 V, It=0.22 nA (c)Model of the PTCDA-

adenine network, unit cell is highlighted by the parallelogram shape and lattice parameters 

are given. 

 

A careful look to our model shows that the PTCDA-adenine network is composed by 

2 PTCDA-PTCDA building blocks (Figs.3.25 (a,b)). Three PTCDA-PTCDA interactions are 

observed (Figs.3.25 (a,b,c)).  

 

 

FIG. 3.25: PTCDA-PTCDA building blocks observed in the PTCDA-adenine supramolecular 

network. 
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O atom and H-C functional group interaction is the main force stabilizing the PTCDA 

pairs, as shown in Fig.3.25.  

 

We didn’t observe that the PTCDA-adenine network was varying depending on the 

ratio of the PTCDA and adenine molecules deposited on the surface as it is the case for 

PTCDA-melamine networks. However we observed that the PTCDA-adenine network was 

very sensitive to thermal annealing. A post-annealing at around 100oC is damaging the 

supramolecular networks: adenine molecules desorbed from the surface only pure PTCDA 

domains are observed using STM when the surface is cooled down to room temperature.  

 

In summary, PTCDA and adenine molecules form novel complex supramolecular 

network. The architecture of the network is not influenced by the component concentration of 

the two molecules. The supramolecular has a concentration ratio of PTCDA-adenine 5:2. 

However, the supramolecular structure is thermally unstable.  

 

3.6 Observed molecular interactions 

 

Molecular building blocks are small organic functional units to build up the 

supramolecular networks. Molecular building blocks are built through attractive none 

covalent interactions between the molecules, such as van der Waals interactions and 

hydrogen bonds. The high resolution STM images we recorded permit to reveal the different 

molecular interactions and identify the numerous building blocks involved in the different 

PTCDA and melamine based supramolecular self-assemblies, at the exception of blocks 

involving adenine molecules. We were able to identify 10 different molecular network 

building blocks made of single or multi component molecular units. 

 

• 3 PTCDA-PTCDA building blocks: 

 

PTCDA-PTCDA molecules can form three different kind of molecular building 

blocks, Fig.3.26. The building blocks shown in Figs.3.26 (a,b) are the most observed PTCDA 

building blocks. In Fig.3.26(a), the PTCDA molecules are side by side. The PTCDA oxygen 
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atoms do not seem to be involved in the molecular interaction. This block probably results 

form van der Waals interaction and the energy of the interaction is around 0.15 eV [28]. 

 

FIG. 3.26: PTCDA-PTCDA building blocks appeared in PTCDA structures and PTCDA-

melamine network structures. 

 

The side by side building block has been seen in both the open PTCDA-melamine 

network and the row-like PTCDA-melamine network, Fig.3.8 and Fig.3.11. In comparison, 

the blocks shown in Fig.3.26(b) and (c) are stabilized by double C-H and O interaction. The 

binding in these blocks is probably stronger than that in the previous block, Fig.3.26(a). This 

strong binding is probably at the origin of the existence of PTCDA-based open-structure. 

Fig.3.26(b) has been observed in PTCDA structure II (Fig.3.5B), PTCDA-melamine open 

network (Fig.3.10). Fig.3.26(c) has been observed in the PTCDA open network within the 

melamine layer, Fig.3.20. The interaction energy has been calculated to be around 0.15 eV 

for both of the structures in Figs.3.26(a,b) [28]. 

 

• 1 melamine-melamine building block: 

 

 

FIG. 3.27: Melamine-melamine building blocks appearing in melamine structure and 

PTCDA-melamine network structures. 
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We only observed one melamine-melamine building block, Fig.3.27. It has been seen 

in melamine network (Fig. 3.6) and all the PTCDA-melamine networks, Figs.3.10, 3.13 and 

3.17. Melamine molecules are connected through a double hydrogen bond formed by N-H···N 

link. This melamine-melamine binding energy was estimated to 0.22 eV for the hexagonal 

melamine structure [8]. 

 

• 6 PTCDA-melamine building block: 

 

 

FIG. 3.28: PTCDA-melamine building blocks appeared in PTCDA-melamine network 

structures. 

 

We experimentally observed six types of PTCDA-melamine building blocks, which 

are represented Fig.3.28. Molecular building blocks from Figs. 3.28 (a,b,c) have been 

observed in the PTCDA-melamine open network (Fig. 3.10), while the molecular building 

blocks from Figs. 3.28 (d,e,f) have been observed in the PTCDA-melamine row-like network 

(Fig. 3.13). The complexity of the different building blocks results from the various possible 

molecular binding orientations and the shape difference between the two molecules 
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(melamine has a triangular shape and PTCDA has a rectangular shape). These blocks are 

stabilized by single N-H···O hydrogen bonds Fig.3.28(a,b,c,e,f), except in the case of 

Fig.3.28(d), where two PTCDA oxygen atoms and two melamine hydrogen atoms (NH2 

group) seem to be involved in the binding. The binding energy of these blocks was estimated 

to be 0.225 eV [28].  

 

A quick comparison of the building block binding energies shows that the double 

hydrogen bond between the two melamine molecules (Fig. 3.27) is the strongest molecular 

interaction (0.45 eV), while the weakest molecular interaction is the Van der Waals 

interaction between the PTCDA-PTCDA molecules (0.15 eV) , Fig. 3.26.  

 

3.7 Conclusion 

 

In this chapter we have investigated the self-assembly of PTCDA-melamine and 

PTCDA-adenine on Au(111). In the case of PTCDA-melamine, both thermal annealing and 

molecular concentration ratio are found to be key parameters to form different networks. 

Thermal annealing at around 72oC leads to a non-reversible transformation from an open 

molecular network (PTCDA: melamine = 3:2) to a close-packed row network (PTCDA: 

melamine = 1:2). By varying molecular concentration ratio on the surface, we were able to 

form different chiral superstructures having 3:2, 1:2, and 1:4 PTCDA: melamine ratio. This 

result provides information which can be used to tune multi-component assemblies on 

surfaces. Higher melamine concentration leads to a dashed line structure with PTCDA 

molecules separated by the melamine molecular. A novel open PTCDA network has been 

observed by depositing PTCDA after melamine.  

 

By mixing PTCDA and adenine, we succeeded to form a sophisticated 

supramolecular network, whose unit cell contains 14 molecules. The PTCDA: adenine ratio is 

5:2. In that case the PTCDA-adenine self-assembly is not influenced by the component 

concentration ratio and post annealing does not permit to create another PTCDA-adenine 

network.  
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Ten different building blocks are observed from PTCDA-PTCDA, melamine-

melamine and PTCDA-melamine combinations to build up various supramolecular networks. 
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Chapter IV 

 

Molecules deposited on NaCl insulating thin film 

 

 

Development of organic devices, like OFETs, requires to grow or to deposit an 

organic layer on insulating thin films. This is a reason why the fabrication and 

characterization of insulating thin films is the focus of scientific interest in the field of 

nanotechnology. In this chapter, preparation and surface characterization of NaCl multi-layer 

film grown on Au(111) is studied using scanning tunneling microscopy. First we will report 

on the investigation of the NaCl film crystallography and epitaxy. NaCl(100) grows as layers 

on an Au(111) substrate. Atomically resolved images of NaCl domains show that NaCl grows 

epitaxitally on Au(111). We will also report on the ordering of PTCDA molecules deposited 

on a gold surface partially covered with a NaCl thin film as well as fully covered with a NaCl 

thin film. Understanding the molecular behaviour on insulating thin films is essential to 

develop and optimize processing for the fabrication of organic devices like OFETs. 

 

4.1 Sodium Chloride: NaCl 

4.1.1 NaCl unit cell 
 

Bulk sodium chloride is an ionic crystal with cubic symmetry consisting of positively 

charged sodium ions, Na+, and negatively charged chloride ions, Cl-. The NaCl bulk unit cell 

is presented in Fig. 4.1. In the NaCl unit cell, each ion is surrounded by six ions of opposite 

charge. This basic structure is known as cubic close packed (ccp) structure. It can be 

presented as two interpenetrating face-centered cubic (fcc) lattices, or one fcc lattice with a 

two atom basis. This crystallographic structure maximizes the contact between ions of the 

opposite charge and minimizes the structure energy. The lattice parameter of the NaCl unit 

cell is 5.64 Å. Crystalline NaCl has an 8.97 eV band gap [36] and is therefore an insulator. 
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FIG 4.1: NaCl unit cell. Blue balls are chloride atoms and small green balls are sodium 

atoms. 

 

The different faces of NaCl crystal have different electronic properties. NaCl(100) 

facet is electrically neutral, whereas the (111) facet would be polar because it consists of only 

one type of ions, which can be either Na+ or Cl-. Polar surfaces usually exhibit surface charge 

reconstructions in order to screen the charge effect and to minimize the resulting dipole 

moment. This is also the case for Na-terminated ultrathin NaCl films where the formal charge 

of the cations was reported to be +0.5e, implying a half-filled Na 3s band [27]. 

 

As a bulk single crystal, NaCl is an insulator. However, in the case of NaCl thin films 

grown on metal surfaces, electronic states of the NaCl layer couple to those of the metal 

surfaces and it is possible to record STM images of the NaCl thin films. 

 

STM investigations have shown that sodium chloride is a very versatile material 

because it has the great advantage of growing as layers on metals surfaces. NaCl islands have 

been successfully grown on numerous crystalline metal surfaces, such as Cu(111) [4, 21, 22], 

Cu(110) [4, 21], Cu(311) [21], Ag(111) [23], Ag(100) [24], Ge(100) [25], Al(111) [26], 

Al(100) [27]. It has been experimentally confirmed by STM that NaCl can form (100) or (111) 

islands [27], depending on growth conditions and the nature of the metal surface. NaCl thin 

film grown on Au(111) has never been characterized using STM until now.  

 

4.1.2 NaCl deposition 
 

99.9% NaCl powder (Goodfellow) was evaporated from a crucible inside the 

preparation chamber with the base pressure of 3 10-10 mbar. The temperature of the crucible 
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was around 723 K with a deposition rate of around 1 Å/min. The Au(111) substrates were 

kept at room temperature during the deposition. Immediately after NaCl deposition, the 

sample was transferred into the STM chamber for STM characterization. 

 

4.2 NaCl multi-layer islands grown on Au(111) 

4.2.1 Nucleation of NaCl islands at gold step edges 
 

  A NaCl(100) thin film with sub-monolayer coverage was first investigated. Figure 4.2 

shows STM images of NaCl islands formed after deposition of NaCl on an Au(111)-(22×√3) 

surface at room temperature. These islands have almost straight step edges and the angle 

between the step edges is ~90˚. The small NaCl islands are mostly located on top of gold step 

edges. This suggests that gold step edges are preferential nucleation sites for NaCl islands.  

 

 

 

FIG. 4.2: STM image of NaCl(100) on Au(111), (a) 220×190 nm2 , Vs = 0.8 V, It = 0.5 nA.  

(b) 250×250 nm2 , Vs = 0.38 V, It = 0.5 nA. The black arrows point to gold step edges. 

 

 

Additional NaCl deposition leads to the growth of NaCl islands forming large 

domains as seen in figure 4.2(b). The STM images show that the second and third NaCl 

layer start to form on the first one before the latter completely covers the Au surface. 
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FIG. 4.3: STM image of a NaCl(100) monolayer domain on Au(111),  

104×104 nm2 , Vs = -1.02 V, It = 0.4 nA. 

 

  A single layer island of NaCl is shown in Fig.4.3. The Au(111)-(22×√3) 

superstructure is visible under the NaCl(100) domain, which indicates that the surface 

structure of Au(111) remains the same with NaCl grown on top.  

 

4.2.2 Atomically resolved NaCl(100) island STM images 
 

Figure 4.4 (a) shows atomically resolved NaCl islands. From the corresponding 

atomic corrugation reported in figure 4.4(b), one sees that the distance between the two 

nearest bright spots in the NaCl layer is 4.0 ± 0.1 Å. This corresponds to the closest 

separation of atoms of the same atomic species in the NaCl(001) surface. These bright spots 

in the NaCl island are attributed to Cl− anions [25, 26, 30]. The atomic corrugation is ~ 0.2 Å. 

The atomic periodicity of NaCl is modulated by the large periodicity of the gold herringbone 

reconstruction. 

 

Atomically resolved STM images show that NaCl is growing as a (100) layer on the 

reconstructed (111) gold terraces. The square NaCl unit cell has been superimposed to each 

of the two NaCl domains in Fig.4.4(a), as black and white squares. The two unit cells are 

rotated by 30o with respect to each other. The gold reconstruction visible underneath the 
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NaCl layer shows that the NaCl unit cell is in both cases aligned with the <11
−

2 > and the 

<110> gold directions (and equivalent directions). This indicates that NaCl grows 

preferentially as an epitaxial NaCl(100) film.  
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FIG. 4.4:(a) Atomically resolved STM image of NaCl islands on Au(111)-(22× √3) (16 × 16 nm2; 

Vs = 0.5 V, It = 1.0 nA). White and black squares representing the NaCl unit cell are 

superimposed on the NaCl islands. (b) Atomic corrugation of the first NaCl layer. 

 

Crystalline defects in the NaCl(100) layer can be identified in the atomically resolved 

STM image, reported in Fig.4.5. The black arrow points out a NaCl domain boundary. The 

black square superimposed on the image displays the NaCl(100) square unit cell. On the 

other hand, the black hexagon superimposed on the STM image highlights that a local atomic 

hexagonal packing is coexisting with the square packing in the NaCl island, Fig.4.5. Local 

defects in the NaCl(100) layer are pointed out by the white arrow.  

 

An NaCl monolayer will wet the Au surface if γAu > γNaCl + γi, where γAu is the 

surface energy of the Au(111) substrate, γNaCl is the monolayer surface energy, and γi is the 

interface energy between the monolayer and the substrate. γAu(111) = 1.28 J m−2 [31] and 

γNaCl(100) = 0.16 J m−2 [32] were obtained from ab initio and DFT calculations. Therefore the 

interface energy should be less than 1.12 J m−2. 

 



Molecules Deposited on NaCl Insulating Thin Film 

 102 

 

 

 

 

FIG. 4.5: Atomically resolved STM image of NaCl islands, 32 nm × 12 nm (Vs = 0,7 V, It = 

0,15 nA). The white arrow points out defects in the NaCl layer. The black arrow indicates a 

NaCl layer domain boundary. The black square and hexagon are superimposed on the NaCl 

island outline the local square and hexagonal packing. 

 

 

4.2.3 NaCl multi-layer island pattern 
 

Figure 4.6 illustrates details of a NaCl multi-layer island as imaged by STM. The first 

NaCl layer appears flat while the second NaCl layer can have different aspects: the one 

labelled (b) in figure 4.6 resembles the second layer and seems flat as well; on the other hand, 

a complicated pattern is observed for the second NaCl layer labeled (a) in figure 4.6. We did 

not succeed in finding tunneling parameters permitting us to record atomically resolved 

images of this layer. The STM image shows that the latter is formed by juxtaposed domains 

of stripes labelled A, B, and C in figure 4.6. The patterns in these domains do not have a high 

degree of symmetry and are oriented differently. They therefore cannot be attributed to a 

Moiré pattern [24, 33, 34]. However, this suggests that the second layer is not crystalline or 

that its crystallization is not fully completed at room temperature, despite the fact that its 

edges are almost straight and nearly perpendicular. The different atomic packing and defects 

seen in the first NaCl layer in Fig.4.4 , are probably at the origin of the NaCl pattern shown in 

Fig. 4.6. 
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FIG. 4.6: STM image of a NaCl multi-layer island (68 × 68 nm2; Vs = 0.4 V, It = 0.5 nA). 

The first and two second NaCl layers are labeled. Three domains labeled A, B, and C coexist 

in the second NaCl layer labeled (a). The boundaries of these domains have been delimited 

with black spots for visual help. 

 

These observations illustrate that the formation of the NaCl thin film growth seems 

strongly dependent on the growth conditions [35]. 

 

4.2.4 STM bias-dependent aspect of NaCl(100) multi-layer islands 
 

Fig. 4.7 presents NaCl islands on Au(111) imaged by STM using two different 

tunneling conditions, namely Vs = −0.3 V It = 0.15 nA (a) and Vs = −1.0 V It = 0.7 nA (b). 

The gold step height of 2.3 Å was found independently of the tunneling conditions. NaCl 

multi-layer islands are clearly visible in figure 4.7 (a), whereas only the first layer of the same 

islands appears in (b). In figure 4.7 (b) the Au(111)-(22×√3) reconstruction is clearly visible 

underneath the first NaCl layer. The height profiles extracted from the images in figures 4.7 

(a) and (b) are reported in figure 4.7 (c) and show that the first NaCl layer (figure 4.7(a)) has 

an apparent  height of ~ 1.53 Å , while the thickness of the second layer in the same image 

amounts to ~ 0.7 Å (curve A). The height profile corresponding to figure 4.7 (b) gives instead 

an apparent height of the first NaCl layer of ~ 0.9 Å , and the second layer appears ~ 1.1 Å 

below the gold surface (figure 4.7 (c), curve B). The tunneling parameters are hence strongly 
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affecting the apparent height of the NaCl layers. Even the larger value for the height of the 

first NaCl layer is lower than its physical height (2.82 Å). The measured height of the 

additional NaCl layers is even smaller, and for islands composed of three and more layers the 

measured height of the NaCl multilayer islands can appear below the gold surface. These 

observations are a perfect illustration of NaCl non-conducting behaviour.  

 

 

FIG. 4.7: NaCl islands on a Au(111) surface (139 × 139 nm2) imaged using STM with (a) Vs 

= 0.316 V, It = 0.15 nA. (b) Vs = -1.056 V, It = 0.7 nA tunneling parameters. (c) The black 

curve corresponds to the surface profile A extracted from (a), and the blue curve corresponds 

the surface profile B extracted from (b). 

 

To understand the non physical value of the NaCl island step height measured using 

STM, as reported in fig. 4.7(c), the movement of the STM tip during scanning is drawn in 

figure 4.8. The yellow layer is the Au(111) substrate, and the grey layers are NaCl(100) first 

and second layers, respectively, the distance d indicates the vertical tip movement.  
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FIG. 4.8: illustration of the STM measurement: (a)Density of states  of a one and two layer 

thick NaCl(100) film on Au(111) at a high negative bias voltage between the tip and the 

sample (b) sketch of the ’topographic effect’ of NaCl islands on a Au(111) surface, in the 

constant current-mode, the tip path d is drawn for the scan over the different regions. (c) 

Density of states of a one and two layer thick NaCl(100) film on Au(111) substrate at a low 

positive bias voltage between the tip and the sample than that of (a). (d) tip path d for the 

scanning constant current mode over the different regions of the sample.  
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First of all, bulk NaCl is an insulator with a band gap value of 8.97 eV and therefore 

for small bias voltages there are no unoccupied states of the NaCl(100) film for the tip 

electrons to tunnel to. Fig. 4.8 illustrates schematically the scanning procedure which results 

in the line profile given in Fig. 4.7 (C). The constant current mode is chosen for our STM 

measurement and we assume that the density of states of the tip remains constant so that the 

tunneling current is proportional to the integral of the density of states of the sample, ρs. 

 

The electronic properties of a semiconductor or an insulator are determined by their 

band gap, which corresponds to the energy range between the maximum of the valence band 

and the minimum of the conduction band where no electron states exist. For NaCl the band 

gap is larger than 8 eV, which makes it an insulator. However, when such an insulating thin 

film is grown on metal surfaces, the electronic states of the film couple to the states of the 

substrate and new electronic states appear in the band gap, allowing for STM imaging at low 

voltage as was observed for MgO thin films grown on Ag(111) [37].  

 

To understand the bias-dependent appearance of the NaCl layers in Fig.4.7, let us 

discuss the contribution to the tunnel current of the one layer thick and two layer thick NaCl 

islands. The tunneling current is given by: I dEeUETeUEE S

eU

T ),(),()(
0

⋅⋅∝ ∫ ρρ  as discussed 

in chapter II. We assume that the contribution of T and ρt is constant over the whole energy 

range so that the current I will depend only on the integrated density of states of the surface. 

In Figs. 4.8(a,c), we draw schematically the density of states of one monolayer (1 ML) thick 

and two monolayer (2 ML) thick NaCl islands. The 1L island is more strongly coupled to the 

gold surface than the 2L island and the 2L island is more insulating than the 1 layer island. 

We assume that the valence and conduction bands of the two types of islands are not shifted 

one with respect to the other. At high negative bias, as drawn in Fig. 4.8(a), when the tip is on 

top of the 1 ML thick island, the contribution to the tunneling current is represented by the 

blue area which marks the integrated density of states of the 1st NaCl layer. In that case the 

blue area is positive (the signal is higher than the contribution of the bare gold surface), this 

means that the vertical tip position will be at a larger distance from the 1 ML island than from 

the bare gold, leading to a positive value of d1st, Fig.4.8(b). In the case of the 2 ML island, the 

signal is negative (the signal is lower than the contribution of the bare gold surface), this is 

why d2nd is negative (lower than from the gold level). At low positive voltage, Fig. 4.8(c), the 
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tunnel contribution of the 1 ML island is still positive, so d1st is positive too. In the case of the 

2 ML island, the pink area becomes now positive, and above a certain bias, the value d2nd can 

appear larger than d1st, as represented in Fig.4.8(d). We acknowledge that the representation 

of the NaCl density of states is simplified, however it permits to explain the STM images 

presented in Fig.4.7.  

A more accurate representation of the NaCl density of states and the tunneling 

contributions would require recording dI/dV spectra of the surface at very low temperature 

[37]. However these facilities were not available during this PhD project. Alternatively, DFT 

calculations would be necessary, similar to the ones available for NaCl/Ge(001) [38; 39]. 

 

As shown by Figs. 4.7 and 4.8, the NaCl layers on Au(111) act as an insulating thin film and 

that the NaCl electronic properties change with NaCl thickness. Figs. 4.7 and 4.8 show that 

increasing the NaCl thickness reduces the conductivity between the STM tip and the gold 

substrate. NaCl thin films are promising substrates to decouple supported nanostructures from 

a metal support. As was shown by Qiu et al [2] on ultra thin Al2O3 films, insulating thin films 

can be used to decrease the coupling between the molecules and their metal support with the 

aim of observing the vibronic states of molecules by STM and scanning tunneling 

microscopy (STM) and spectroscopy (STS) at low temperature. On the other hand, STS 

experiments performed on pentacene molecules adsorbed on NaCl/Cu(111) show a 

significant influence of the film thickness on the molecular gap [40]. 

 

 

4.3 NaCl Islands Decorated with PTCDA Clusters on Au(111) 

 

Organic structures grown on insulating thin films are promising materials to develop 

new molecular devices. Controlling the formation of molecular nanostructures on surfaces is 

a key parameter to optimize device performances.  

 

In this section, we investigate using STM the ordering of PTCDA molecules 

deposited on an Au(111)-(22×√3) partially and fully covered with NaCl thin film.  
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4.3.1 Sample preparation 
 

A 150 nm thick Au(111) film on mica, prepared in a custom built deposition system, 

was introduced into the vacuum chamber as the substrate. Sub-monolayer NaCl thin film was 

deposited from a crucible at a temperature of 723 K with a deposition rate of ~1 Å/min 

(preparation details in section 4.4). PTCDA was deposited from a crucible at a temperature of 

533 K onto both the bare Au(111) substrate and a NaCl(100) multi-layer on Au(111) held at 

room temperature, to compare the adsorption behaviour on the two substrates. Cut PtIr wire 

was used as STM tip to obtain constant current images at room temperature with a bias 

voltage applied with respect to the sample.  

 

4.3.2 Deposition of PTCDA molecules on a Au(111) surface partially 
covered with NaCl 

 
Fig. 9 shows an STM image of PTCDA deposited on a Au(111)-(22×√3) partially 

covered by NaCl islands and demonstrates  

 

 

FIG. 4.9: PTCDA and NaCl islands on Au(111) surface (60×60 nm2; Vs = +0.4 V, It = 0.3 

nA). PTCDA domains are highlighted in orange color. 

 

  The PTCDA molecules self organize into herringbone domains on bare Au(111)-

(22×√3) surface and the NaCl islands on the Au(111)-(22×√3) surface act as preferential sites 

for the nucleation of PTCDA domains. PTCDA domains grow on the Au(111) surface next to 
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NaCl island step edges. PTCDA 2D domains are not observed on the NaCl island top surface 

at room temperature.  

 

4.3.3 Deposition of PTCDA molecules on NaCl(100) thin film 
 

Fig. 4.10 shows an STM image of the surface when PTCDA molecules are deposited 

at room temperature on an Au(111)-(22×√3) surface fully coved with NaCl layers. When the 

Au surface is fully covered by NaCl layers, PTCDA form 3D clusters, bright spots in the 

STM images, Figs. 4.10.  Note that as the NaCl layers are progressively insulating the gold 

metal surface, the NaCl layer height measured by STM is strongly dependent of the 

tunnelling parameters and the NaCl thickness, as can be observed in Fig. 4. 10 where the 3rd 

NaCl layer appears darker than the 1st and 2nd NaCl layer. 

These observations show that PTCDA molecules are diffusing on Au and NaCl 

surfaces at room temperature and that NaCl step edges are preferential nucleation sites of 

PTCDA nanostructures. This finding is in agreement with previous nc-AFM experiments 

showing a high RT diffusion rate for PTCDA [41, 42] on alkali halide surfaces. 

Epitaxial 2D-growth of PTCDA domains on NaCl surface seems energetically 

unfavourable as PTCDA molecules prefer to form 3D clusters rather than 2-dimensional (2D) 

layers on the NaCl islands. The high resolution STM image in Fig. 4.10 shows that PTCDA 

clusters are decorating the NaCl layer edges[42]. While in comparision, when 

PTCDA is deposited on NaCl bulk crystals [43], the authors observed PTCDA forms layers 

on the NaCl crystal surface. This suggests that the (100) surface of NaCl crystal and the (100) 

surface of the NaCl/Au(111) thin film are not identical. Therefore this indicates that NaCl 

surface preparation is a key factor driving the molecular ordering, as well as molecular 

deposition conditions (surface temperature, flux, concentration.) In may also be possible that  

the gold reconstruction affects the NaCl crystalline periodicity of the NaCl thin film and that 

the NaCl layer modulation induced by the gold reconstruction result in a molecular epitaxy 

less favorable on NaCl/Au than on NaCl bulk crystal. This is also what is suggested by the 

Canas paper. From our  observations, we can conclude that the PTCDA-NaCl interaction is 

even weaker than the molecule-metal (PTCDA-Au) interaction. 

 

 

  



Molecules Deposited on NaCl Insulating Thin Film 

 110 

 
FIG. 4.10: PTCDA deposited on a Au(111) surface fully covered with NaCl islands : 

100×100 nm2; Vs = +0.3 V, It = 0.3 nA. NaCl 1
st, 2nd and 3rd layers are labelled 1st, 2nd, 3rd 

respectively. 

 

 

4.4 Conclusion 

 

In this work we have studied NaCl multi-layer islands grown on Au(111)-(22×√3) 

using scanning tunneling microscopy. By changing the tunneling parameters we were able to 

selectively image the first NaCl layer of the islands or the other layers. Atomically resolved 

STM images of the first NaCl layer indicate that NaCl grows as an epitaxial (100) thin film 

on Au(111)-(22×√3). Local atomic hexagonal packing has also been observed in the 

NaCl(100) layer. STM images of some NaCl layers show non-strictly-periodic stripes, which 

suggest that they can be non-crystalline or not perfectly crystallized. 

 

We next have investigated using STM the self-assembly of PTCDA molecules on 

NaCl/Au(111)-(22×√3). At sub-monolayer NaCl coverage, PTCDA molecules form 

molecular 2D domains on the Au(111) surface. NaCl(100) island step edges act as 
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preferential nucleation sites. At high NaCl coverage, PTCDA molecules form 3D clusters 

decorating the step edges of NaCl(100) islands. These observations show that NaCl can be 

used as a seed layer to grow 2D molecular domains on metal surfaces or as a substrate to 

grow 3D molecular clusters. These results show that NaCl layers are promising substrate to 

tailor molecular nanostructures in the aim to adjust their shape-dependent properties. 
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Summary 
 

 
 

The development of organic devices with nanoscale features is becoming the focus of 

intense research activity. Organic electronics has the potential to revolutionize the fabrication 

of computers and other electronic devices. “Electronic newspapers”, smart windows, flexible 

film solar cell sheets, luminescent wallpaper are only a few examples of future electronic 

devices based on organic electronics. Thin films of organic molecules and polymers are 

expected to be used as active layers to replace the inorganic materials such as silicon. 

Engineering efficient organic devices requires selecting organic materials with optimal 

electronic properties and building optimized organic structures. Therefore the fabrication of 

the next generation of organic devices begins with understanding and control of assembly at 

the molecular scale to produce new devices having advanced properties. 

Investigation of supramolecular assembly on various surfaces is motivated by the 

potential of future organic electronics. Since the publication of the first “plastic transistor” 

(poly-thiophene) by Tsumura et al. in 1987, there has been considerable interest in the 

development of organic solar cells and organic transistors. The organic devices are usually 

composed of an active organic layer deposited on a metal or an insulating surface. Organic 

device performances are limited by structural defects in the organic layer and defects at the 

organic / substrate interface. It is therefore required to control the formation of defect free 

molecular structures and to characterize the interaction of the molecules with the substrate 

surface. Self-assembly processes are one of the most promising methods to engineer complex 

molecular architectures on various substrates. Adsorption, mobility, and intra- or 

intermolecular interactions, all of which depend on the substrate crystalline lattice, chemical 

nature, and symmetry are key parameters that govern the formation of molecular 

architectures. A balance between molecule-molecule and molecule-surface interactions is at 

the origin of the formation of supramolecular order. 

Insulating thin films have been investigated in recent years. They are “ideal” 

candidates for technological applications. Insulating thin films can form flat and defect free 

crystalline layers on metal surfaces. In addition, when building a device it is advantageous if 

the insulating thin film are easy to prepare and their thickness easy to control. 
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In the second chapter of this thesis, I briefly described the experimental technique I 

used in this research project. The scanning tunneling microscope, the UHV system, the 

deposition of molecular layers and the Au(111)-(22×√3) superstructure are discussed. 

Scanning Tunneling Microscopy is a powerful technique which provides the 

possibility to achieve atomic scale images of the electronic density of states in real space. The 

rapid development of the technique over the past 20 years enables a resolution good enough 

to image atoms from the material and organization of molecules on the surfaces. The STM in 

vacuum is used for the surface characterization.  

The STM technique is based on the quantum mechanical tunneling effect. According 

to the theory, when a conductive tip is approaching to the sample and a bias voltage is applied 

between the tip and the sample, electrons will tunnel though the vacuum barrier between the 

two. The resulting current is called the tunneling current which is proportional to the local 

density of states (LDOS) of the sample (where the local density of states of the tip is 

considered as constant). From the detected current, high resolution topography of the sample 

is deduced. 

Ultra high vacuum is necessary to prepare clean samples and to image the surfaces 

with high resolution in a clean environment. Au(111)-(22×√3) on mica cleaned in vacuum 

was chosen as substrates for all the experiments. The high resolution Au(111)-(22×√3)  

superstructures observed indicated a perfectly clean crystalline gold substrate. The NaCl and 

other organic molecules were deposited in vacuum by thermal sublimation.  

In the third chapter of my thesis, I report on my investigation of the formation of 

multi-component self-assembled supramolecular architectures on metal surfaces. I first mixed 

PTCDA and melamine molecules on an Au(111)-(22×√3) surface. The perylene-3,4,9,10-

tetracarboxylic-3,4,9,10-dianhydride (PTCDA) molecule is an archetypal organic 

semiconductor which is a potential building block for the realization of organic electronic 

devices. Assessing and tailoring PTCDA assemblies are of technological interest for 

optimizing the design of organic thin film electronic devices. PTCDA is a versatile molecular 

building block for its ability to form hydrogen bonds with other molecular species. Mixing 

differently shaped molecules is expected to lead to the formation of sophisticated 

supramolecular structures. PTCDA has a rectangular shape whereas 1,3,5- triazine-2,4,6-

triamine (melamine) has a triangular shape. PTCDA and melamine can form O…H-N 

hydrogen bonds on Au(111). The resulting 2D PTCDA-melamine assemblies deviate from 

pure PTCDA and pure melamine network structures.  
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I investigated the formation of three PTCDA-melamine supramolecular networks on 

Au(111)- (22 × √3). Different chiral supramolecular networks were formed by tuning the 

ratio of the molecules deposited on the surface at room temperature. Scanning tunneling 

microscopy (STM) revealed that supramolecular networks having a PTCDA: melamine ratio 

of 3:2, 1:2, 1:4 can be selectively created. The 3:2 and 1:4 PTCDA-melamine networks have 

never been reported before. From experimental STM images of supramolecular structures I 

determined the various molecular bonding schemes driving the different molecular self-

assemblies. I identified 10 different PTCDA-melamine building blocks. These results reveal 

that molecular ratio is a key parameter driving multi-component supramolecular architectures. 

I also investigated the influence of the temperature on PTCDA-melamine self-assembly. 

PTCDA and melamine molecules form a 3:2 chiral supramolecular network at room 

temperature and annealing at 80°C switches the ordering into a completely different 1:2 row-

like supramolecular network. This temperature-induced switching  is not reversible. 

Among the three PTCDA-melamine supramolecular networks, the PTCDA: melamine 

3:2 network is an open structure. It can be used as a nano-template for hosting guest 

molecules. C60 was tried as guest molecules, however, the size of C60 molecule is too large to 

be trapped into the 3:2 PTCDA-melamine network cavities. The PTCDA-melamine network 

acts as an organic layer which decouples the C60 hexagonal network from the Au surface. 

I also investigated the self-assembly of PTCDA-Adenine architecture on Au(111). A 

very complex supramolecular network was observed using STM. This network with a large 

unit cell which includes 14 molecules is chiral and has a molecular ratio of 5:2 (PTCDA: 

adenine).  

To control and fabricate organic layers on insulating thin films is important to develop 

organic devices such as OFET. In the fourth chapter of my manuscript, I describe my study of 

the formation of PTCDA (3,4,9,10-perylene-tetracarboxylic-dianhydride) nanostrutures on 

Au(111) covered with NaCl islands. I first grew NaCl layers on Au. STM images show that 

these layers are crystalline NaCl(100) films. NaCl(100) islands preferentially nucleate along 

the Au(111) step edges. Atomic resolution was achieved and the atomic images of different 

domains indicates a epitaxial growth of NaCl(100) on Au(111). My STM measurements 

reveal that different NaCl(100) layers can selectively be imaged by changing the tunneling 

parameters, and that the NaCl layer heigh is depending of the tunneling parameters.  

I then deposited PTCDA molecules on an Au surface covered with NaCl(100). I 

observed that PTCDA molecules preferred to form 2D domains on bare Au(111) surface at 

the edge of NaCl(100) islands on a partially covered gold. Conversely, PTCDA formed 3D 
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clusters along the step edges of the NaCl(100) domains when the gold surface was fully 

covered by the NaCl(100) islands. The growth of epitaxial PTCDA 2D domains on NaCl(100) 

appeared to be energetically unfavorable. PTCDA molecules preferred assembly in 3D 

clusters rather than forming 2D layers on the NaCl(100) thin film surface. This contrasts with 

previous observation, where it was observed that PTCDA grows as layers or differently 

shaped nanocrystals on the (100) surface of a NaCl single crystal. This highlights that the 

experimental conditions and the NaCl(100) surface preparation are key parameters driving 

the PTCDA growth on NaCl. Our results suggest that the properties of NaCl(100) thin film 

surface grown on Au(111)-(22×√3) differ from those of the single crystal NaCl(100) surface. 

In contrast with NaCl(100) single crystal surface, 2D ordered PTCDA monolayers do not 

form on the NaCl(100) thin film on Au(111)-(22×√3) Further deposition of PTCDA 

molecules therefore does not lead to the formation of PTCDA multilayer islands or PTCDA 

nanocrystals but leads to the formation of PTCDA 3D clusters. 

 

In conclusion, I succeeded in forming PTCDA-melamine and PTCDA-adenine 

supramolecular architectures on Au(111). In the case of PTCDA-melamine networks, I 

showed that molecular ratio and temperature permit to tune molecular ordering. This is not 

the case with PTCDA-adenine structures. In addition, I used STM to characterize NaCl(100) 

layers on Au(111). I showed that the NaCl aspect is depending on the tunneling parameters. 

Using STM, I also investigated the self-assembly of PTCDA molecules on NaCl/Au(111)-

(22×√3). At sub-monolayer NaCl coverage, PTCDA molecules form molecular 2D domains 

on the Au(111) surface. NaCl(100) island step edges act as preferential nucleation sites. At 

high NaCl coverage, PTCDA molecules form 3D clusters decorating the step edges of 

NaCl(100) islands. 
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Samenvatting 

 

De ontwikkeling van organische devices met structuren op nanometerschaal is 

momenteel een speerpunt van het onderzoek. Organische electronica heeft de potentie om een 

revolutie in de fabricatie van computers en andere elektronica teweeg te brengen. 

“Elektronische kranten”, slimme schermen, flexibele plastic zonnecellen en lichtgevend 

behang zijn slechts enkele voorbeelden van organische elektronica voor de toekomst. Dunne 

lagen van organische moleculen of polymeren kunnen gebruikt worden ter vervanging van 

anorganische materialen, zoals silicium. Voor het ontwikkelen van efficiënte organische 

devices is de keuze van organische materialen met optimale elektronische eigenschappen van 

groot belang. Daarom begint de ontwikkeling van de volgende generatie organische devices 

met begrip van en controle over de assemblage op moleculaire schaal. 

 De potentie van organische elektronica motiveert het onderzoek naar 

supramoleculaire assemblage op verschillende oppervlakken. Sinds de publicatie van de 

eerste “plastic transistor” door Tsumara en collega’s in 1987, is er veel interesse in de 

ontwikkeling van organische zonnecellen en transistors. Deze organische elektronica bestaan 

doorgaans uit een actieve organische laag op een metaal of isolerend oppervlak. De werking 

van deze organische elektronica wordt vaak beperkt door onvolkomenheden in de structuur 

van de organische laag of onvolkomenheden in het grensvlak tussen de organische laag en het 

metaal. Daarom is het noodzakelijk de vorming van perfecte moleculaire structuren te 

beheersen en de interactie tussen de moleculen en het substraat te karakteriseren. 

Zelforganisatie is een veelbelovende methode om complexe moleculaire structuren op 

verschillende substraten te ontwerpen. Adsorptie, mobiliteit, intra- en intermoleculaire 

interacties zijn factoren die afhangen van de kristalstructuur, chemische eigenschappen en 

symmetrie. Deze factoren bepalen de vorming van de moleculaire structuren. Een juiste 

balans tussen molecuul-molecuul interactie en molecuul-substraat interactie is bepalend voor 

de supramoleculaire ordening. 

Isolerende dunne lagen hebben recent veel aandacht gekregen. Het zijn ideale 

kandidaten voor technologische toepassingen. Isolerende dunne lagen kunnen platte, perfecte 

kristallijne lagen vormen op metalen substaten. Bovendien is het voor devices handig als de 

isolerende dunne laag gemakkelijk en goed controleerbaar te maken is. 

 In het tweede hoofdstuk van dit proefschrift zal ik de experimentele 

technieken die in dit onderzoeksproject gebruikt zijn kort toelichten. De Scanning Tunneling 



 

 120 

Microscoop (STM), het ultrahoog vacuüm (UHV) systeem, het opdampen van moleculaire 

lagen en de Au(111)-(22×√3) superstructuur zullen worden beschreven. 

Scanning Tunneling Microscopie is een krachtige techniek met de mogelijkheid om 

afbeeldingen te maken van de toestandsdichtheid op atomaire schaal. Door de snelle 

ontwikkeling van de afgelopen 20 jaren is een dusdanig goede resolutie mogelijk, dat atomen 

en moleculen op het oppervlak zichtbaar gemaakt kunnen worden. Een STM in vacuüm is 

gebruikt voor de karakterisatie van de oppervlakken in dit onderzoek. 

De STM techniek is gebaseerd op het kwantummechanische tunneleffect. Als een 

geleidende naald dichtbij het object komt en er een spanning wordt aangelegd tussen de naald 

en het object, dan zullen -volgens de theorie- elektronen door de vacuümbarrière tussen beide 

heen tunnelen. De stroom die dan ontstaat, is de zogenaamde tunnelstroom, die evenredig is 

met de lokale toestandsdichtheid (LDOS) van het object (hierbij wordt de lokale 

toestandsdichtheid van de tip als constant beschouwd). Uit de gemeten stroom op elke locatie 

kan een hoge resolutie afbeelding van het object worden afgeleid. 

Ultrahoog vacuüm is noodzakelijk om schone onderzoeksobjecten te bereiden en deze 

met een hoge resolutie in beeld te brengen in een schone omgeving. Au(111)-(22×√3) op 

mica dat is schoongemaakt in vacuüm is gekozen als substraat in alle experimenten. De 

waargenomen superstructuren van Au(111)-(22×√3) zijn een goede indicatie voor een perfect 

schoon en kristallijn goudsubstraat. NaCl en andere moleculen zijn opgedampt in vacuüm. 

In het derde hoofdstuk van mijn proefschrift, beschrijf ik mijn onderzoek naar de 

vorming van zelfgeassembleerde supramoleculaire structuren uit meerdere componenten op 

metaal oppervlakken. Om te beginnen heb ik PTCDA- en melaminemoleculen gemengd op 

een Au(111)-(22×√3) oppervlak. Het peryleen-3,4,9,10-tetracarbonzuur-3,4,9,10-dianhydride 

(PTCDA) molecuul is een typische organische halfgeleider en een potentieel bouwblok voor 

organische elektronische devices. Het onderzoeken en ontwerpen van PTCDA netwerken is 

interessant vanuit technologisch perspectief voor het optimaliseren van het ontwerp van 

organische dunne-laag elektronica. PTCDA is een veelzijdig moleculair bouwblok, omdat het 

waterstofbruggen kan vormen met andere moleculen. Het mengen van verschillend gevormde 

moleculen leidt tot ingewikkelde supramoleculaire structuren. PTCDA heeft een rechthoekige 

vorm, terwijl 1,3,5-triazine-2,4,6-triamine (melamine) een driehoekige vorm heeft. PTCDA 

en melamine kunnen O…H-N waterstofbruggen vormen op Au(111). De supramoleculaire 

structuren die dan ontstaan, zijn anders dan de structuren van zuiver PTCDA of zuivere 

melamine. 
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Ik heb de vorming van drie PTCDA-melamine supramoleculaire netwerken op 

Au(111)-(22×√3) onderzocht. Verschillende chirale supramoleculaire netwerken werden 

gevormd, afhankelijk van de verhouding van de moleculen die bij kamertemperatuur op het 

oppervlak werden opgedampt. Scanning Tunneling Microscopie liet zien dat 

supramoleculaire netwerken met PTCDA:melamine-verhoudingen 3:2, 1:2 en 1:4 selectief 

kunnen worden gevormd. De 3:2 en 1:4 PTCDA-melamine netwerken zijn nog niet eerder 

beschreven. Uit de experimentele STM afbeeldingen heb ik de verschillende schema’s voor 

moleculaire binding afgeleid, die de drijvende kracht vormen achter de verschillende 

netwerken. Ik heb 10 verschillende PTCDA-melamine bouwblokken gedefinieerd. Deze 

resultaten laten zien dat de molecuulverhouding een sleutelparameter is in de vorming van uit 

verschillende componenten bestaande supramoleculaire structuren. Verder heb ik de invloed 

van temperatuur op de PTCDA-melamine zelforganisatie bestudeerd. PTCDA en 

melaminemoleculen vormen een 3:2 chiraal supramoleculair netwerk bij kamertemperatuur. 

Verwarmen tot 80°C verandert de ordening in een compleet anders 1:2 supramoleculair 

netwerk dat is opgebouwd uit rijen. Dit door temperatuur veroorzaakte schakelen is niet 

omkeerbaar. 

Van de drie verschillende PTCDA-melamine supramoleculaire netwerken heeft het 

PTCDA:melamine 3:2 netwerk een open structuur. Het kan als nano-mal worden gebruikt om 

gastmoleculen een plaats te bieden. We hebben geprobeerd C60 te gebruiken als gastmolecuul. 

Dit was echter te groot om in de gaten in het 3:2 PTCDA-melamine netwerk te passen. Het 

PTCDA-melamine netwerk dient als organische laag om het hexagonale C60 netwerk te 

ontkoppelen van het goudoppervlak. 

Ook heb ik de zelfassemblage van PTCDA-adenine structuren op Au(111) onderzocht. 

Een erg ingewikkeld supramoleculair netwerk was in beeld gebracht door middel van STM. 

Dit netwerk met een grote eenheidscel met daarin 14 moleculen was chiraal en had een 

molecuulverhouding 5:2 (melamine:adenine). 

Het gecontroleerd maken van organische lagen op isolerende dunne lagen, is 

belangrijk voor de ontwikkeling van organische devices zoals OFETs. In het vierde 

hoofdstuk van mijn proefschrift zal ik mijn studie naar de vorming van PTCDA (peryleen-

3,4,9,10-tetracarbonzuur-3,4,9,10-dianhydride) nanostructuren beschrijven op Au(111) dat 

bedekt is met NaCl eilanden. Eerst groei ik NaCl-laagjes op goud. STM afbeeldingen laten 

zien dat dit kristallijne NaCl(100) lagen zijn. NaCl(100) eilanden beginnen te groeien langs 

de Au(111)-randen van de atomaire goudlagen. Atomaire resolutie was behaald en de 

atomaire afbeeldingen van verschillende domeinen laten epitaxiale groei van NaCl(100) op 
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Au(111) zien. Mijn STM metingen tonen dat verschillende NaCl(100) lagen selectief in beeld 

gebracht kunnen worden door de tunnelparameters te veranderen en dat de NaCl laaghoogte 

afhankelijk is van de tunnel parameters. 

Vervolgens heb ik PTCDA-moleculen opgedampt op het met NaCl(100) eilanden 

bedekte goudoppervlak. Ik heb gezien dat PTCDA-moleculen bij voorkeur een 2D domein 

vormen op onbedekt Au(111)-oppervlak aan de rand van de NaCl(100) eilanden op 

gedeeltelijk bedekt goud. PTCDA vormde echter 3D clusters langs de stappen in de 

NaCl(100) domeinen als het goudoppervlak volledig bedekt was met NaCl(100) eilanden. De 

groei van epitaxiale PTCDA 2D domeinen op NaCl(100) bleek energetisch ongunstig te zijn. 

PTCDA-moleculen geven de voorkeur aan het vormen van 3D clusters boven het vormen van 

2D lagen op de NaCl(100) dunne lagen. Dit in tegenstelling tot eerdere waarnemingen, die 

lieten zien dat PTCDA als laagjes groeit op het (100) oppervlak van een eenkristal NaCl. Dit 

toon aan dat de experimentele condities en de manier waarop het NaCl(100) kristal is 

gemaakt sleutelparameters zijn voor de PTCDA-groei op NaCl. Onze resultaten suggereren 

dat de eigenschappen van dunne lagen NaCl(100) op Au(111)-(22×√3) anders zijn dan die 

van het (100) vlak van een eenkristal NaCl. In tegenstelling tot het NaCl(100) oppervlak van 

eenkristal, vormen  er op een NaCl(100) dunne laag op Au(111)-(22×√3) geen 2D geordende 

netwerken. Het opdampen van meer PTCDA-moleculen leidt daarom niet tot de vorming van 

PTCDA eilanden die uit meerdere lagen bestaan of tot PTCDA nanokristallen, maar tot de 

vorming van PTCDA 3D clusters. 

 

Ter conclusie: ik ben erin geslaagd PTCDA-melamine en PTCDA-adenine structuren 

te vormen op Au(111). Voor PTCDA-melamine netwerken heb ik laten zien dat met behulp 

van de molecuulverhouding en de temperatuur de moleculaire ordening gecontroleerd kan 

worden. Dit is niet het geval voor PTCDA-adenine structuren. Bovendien heb ik NaCl(100) 

laagjes op Au(111) gekarakteriseerd door middel van STM. Ik heb laten zien dat de 

zichtbaarheid van de NaCl afhankelijk is van de tunnelparameters. Ook heb ik met STM de 

zelfassemblage van PTCDA-moleculen op NaCl/ Au(111)-(22×√3) onderzocht. Als de NaCl 

niet het gehele goudoppervlak bedekt, dan vormen de PTCDA-moleculen 2D domeinen op 

het onbedekte Au(111)-oppervlak. Deze domeinen beginnen bij voorkeur te groeien aan de 

rand van de NaCl eilanden. Als het gehelde goudoppervlak bedekt is met NaCl, dan vormen 

de PTCDA-moleculen clusters op de stappen van de NaCl(100) eilanden. 
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