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Chapter 1 

General introduction 

1.1 Nanotechnology and Nanostructures 

Nanostructures are systems whose size in at least one dimension is 

less than 100 nm. The variety of interdisciplinary research fields 

dealing with these nanosized materials is termed Nanotechnology. The 

idea of nanotechnology dates back to 1959, when the physicist Richard 

Feynman presented his famous talk entitled “There’s plenty of room at 

the bottom” [1] at the annual conference of the American Physical 

Society. However, the very birth of nanotechnology has been 

represented by the invention of the Scanning Tunneling Microscope 

(STM) by Binnig and Rohner, [2] which made possible to observe 

materials down to single atoms in real space and manipulate them one 

by one by making use of the strong interaction between tip and sample 

at small working distance. [3] Following Moore’s law, which states 

that the density of transistors in a chip doubles approximately every 

eighteen months, electronic components and circuits have been 

downscaled to dimensions of hundreds of nanometers, thanks to the 

development of sophisticated techniques such as photolithography, 

electron beam lithography and focus ion beam. However nowadays 

nanotechnologies are not limited to the improvement of 

microelectronics devices by means of their miniaturisation, but the 

application fields are more numerous, viz. solid state technologies, 

biotechnologies, device technologies, sensors, design and control of 

innovative nanostructured materials and many more. Nanostuctured 
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materials have revealed peculiar new properties associated with size 

and spatial organisation. 

1.1.1 Bottom up fabrication and Self- Organisation 

Nanostructured materials can be fabricated following two different 

strategies, as schematised in Figure 1.1 In the top-down process a 

macroscopic object is progressively cut and shaped in order to obtain a 

functional architecture.  

Figure 1.1 Schematisation of the approaches “Bottom Up” and “Top Down” used 

for the fabrication of nanoarchitectures.  

This methodology is adopted by the lithographic techniques, which 

have been used in microelectronics to produce circuitry of high 

quality. However, despite of the possibility to fabricate very reliable 

and complex architectures, the improvement of lithography to yield 

smaller and smaller objects is reaching its physical limit because of 

undesired phenomena such as diffraction of radiation through the slit 

of a photolithographic mask and uncontrolled diffusion of electrons 
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inside polymeric photoresists. Moreover these techniques are very 

expensive and in the case of electron beam lithography, 

nanoarchitectures can only be produced serially, which severely limits 

their  industrial applications. In view of these limitations the bottom-up 

approach has been more recently developed. [2,4] With this technique 

architectures are built by manipulation of molecules, which are 

assembled into functional structures. Macroscopic tools, because of 

their dimensions, are not suitable to arrange molecules at specific 

positions, and the process is inadequate to build sophisticated 

functional architectures. Therefore the instruments for handling 

molecules have been incorporated into the molecules themselves, with 

a new approach called “self-assembly”.  

Bottom-up nanotechnologies are based on molecules endowed with 

the capability of organising into more complex meso and nanoscopic 

structures. The driving forces of this organisation are complementary 

specific interactions on one hand and intermolecular competitive 

interactions such as hydrophilic/hydrophobic forces, hydrogen bonds, 

Van der Walls interactions on the other hand. All these forces 

contribute to minimise the free energy of the possible supramolecular 

configurations. [5,6] The ultimate purpose of bottom-up 

nanotechnology is hence the fabrication of architectures which are 

self-built starting from suitably designed molecules. Moreover, these 

structures have to be connected with the “macroscopic world”, that is, 

they should give a detectable response when addressed by a stimulus.  

1.1.2 History of the idea  

The idea that the dynamics of a system may lead to increase the 

inherent order of the system itself has a long history. One of the 

earliest statements of this idea was by the philosopher Descartes, in the 

fifth part of his “Discours de la methode”, where he presented it 
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hypothetically. Descartes introduced the idea that the ordinary laws of 

nature tend to produce organisation. The term "self-organizing" seems 

to have been first introduced in 1947 by the psychiatrist and engineer 

Ross Ashby. [7] Self-Organisation as a word and concept was used by 

those associated with general systems theory in the 1960s, but did not 

become commonplace in the scientific literature until its adoption by 

physicists and researchers in the field of complex systems in the 1970s 

and 1980s. It defines a process in which the internal organisation of a 

system, normally an open one, improves spontaneously without being 

driven or managed by an external source. Self-organizing systems 

display emergent properties. Although most robust and unambiguous 

examples of self-organizing systems are from physics, where the 

concept was first noted, self organisation is present in many other 

disciplines like chemistry, biology, mathematics, computer science and 

human society. Self-organisation, despite its intuitive simplicity as a 

concept, has proven notoriously difficult to define and pin down 

formally or mathematically, and it is entirely possible that any precise 

definition might not include all the phenomena to which the label has 

been applied. Von Bertalanffy presented the notion of self-

organization as the ability of a system to grow towards more 

organisation and complexity, that is to say his capacity of maintaining 

unceasing exchanges of matter, energy and information with his 

environment, and to regulate in the most adapted way, his metabolism.  

Self organisation relies upon four basic ingredients: positive 

feedback, negative feedback, balance of exploitation and exploration, 

and multiple interactions. To answer the basic question, these 

ingredients have to be identified for the various phenomena and one 

has to understand these ingredients and combine to generate structural 

organisation. 



1. General introduction 

 5 

1.1.3 Self-Organisation vs. Entropy 

The idea of self-organisation challenges the earlier paradigm of ever-

decreasing order which was based on a philosophical generalisation of 

the second law of thermodynamics. However, at the microscopic or 

local level, both need not to be in contradiction: it is possible for a 

system to reduce its entropy by transferring it to its environment. In 

open systems, it is the flow of matter and energy through the system 

that allows the system to self- organise and to exchange entropy with 

the environment. This is the basis of the theory of dissipative 

structures. Ilya Prigogine noted that self-organisation can only occur 

far away from thermodynamic equilibrium. [9] It would appear that, 

since isolated systems cannot decrease their entropy, only open 

systems can exhibit self-organisation. However, also a closed system 

can gain macroscopic order while increasing its overall entropy. 

Specifically, a few of the system’s macroscopic degrees of freedom 

can become more ordered at the expense of microscopic disorder. This 

is particularly relevant for dynamical systems formed by a complex of 

building blocks of specific physical properties or biological systems 

where the increasing organisation of large molecules is more than 

compensated for by the increasing entropy of small molecules, 

especially water. [ 10] 

1.1.4 Self-Organisation in Chemistry and Biology. 

Non covalent interactions play critical roles in the biological world. 

Thus, with just a few building blocks, strands of nucleic acids allow 

huge amounts of information to be stored, retrieved, and processed via 

weak hydrogen bonds. Similarly, a large array of signalling molecules 

within cells recognizes subtle differences in protein surfaces. Beyond 

molecular chemistry based on the covalent bond, supramolecular 

chemistry has implemented these principles of molecular information 
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in chemistry. Through manipulation of intermolecular non covalent 

interactions, it explores the storage of information at the molecular 

level and its retrieval, transfer, and processing at the supramolecular 

level. These occur via interactional algorithms operating through 

molecular recognition events based on well-defined interaction 

patterns (such as hydrogen bonding arrays, sequences of donor and 

acceptor groups, and ion coordination sites). The goal of 

supramolecular chemistry is to achieve the control over the complex 

spatial (structural) and temporal (dynamic) features of matter through 

self-organisation. [11]  

1.1.5 Self-Organization and self assembly 

Self assembly is the spontaneous association of molecules under 

equilibrium conditions into stable, structurally well defined aggregates 

joined by non covalent bonds. [12] Examples are molecular cages 

containing a weakly bound dipoles, interlocked rings, self assembled 

monolayers. A particularly attractive goal is the self-assembly of 

nanostructures. In order to connect nanostructures to the outside world, 

viz by the so call integration across the length scales, it is necessary to 

build up larger assemblies by guided self-assembly. The information 

necessary for the organization process is embedded in the components 

and is expressed through molecular interactions. A distinction can be 

made between self organisation like the formation of crystals, vesicles 

or liquid crystalline phase and the much broader principle of self 

assembly that governs the spontaneous generation of even very larges 

systems capable of executing complex functions. Fascinating examples 

for making more complex systems in which a self assembly process 

allows also the design of specific functions, are the mechanically 

interlocked structures such as catenanes and rotaxanes [13] where self 

organisation is mainly governed by multiple interactions.  
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1.2 Rotaxanes: what are they? 

The word rotaxane derives from the latin “rota” meaning wheel and 

“axis” meaning axle. In chemistry, the [2]  rotaxanes (Figure 1.2) (the 

prefix indicates the number of the interlocked components) represent a 

group of compounds in which a macrocycle (wheel) is strung in a bead 

on a linear component (axle) bearing bulky groups at both ends to 

prevent the components from disassembling. Rotaxanes without such a 

physical barrier are termed pseudorotaxanes. No covalent bond holds 

the components together, but rather mechanical bonds are responsible 

for the linking of the components. Thus, rotaxanes behave like well 

defined molecular compounds with properties significantly different 

from those of their individuals components. These unique features 

offer the possibility of designing nanoscopic equivalents of bearings, 

joints, motors, rotors, pistons, and other macroscopics assemblies, 

composed of interlocked mechanical parts [14].  

 
Figure 1.2. Schematic presentation of a [2]  rotaxane 

1.2.2 Rotaxanes synthetic strategies 

Three differents routes are describe in literature for the synthesis of 

rotaxanes: threading, clipping and slippage. Although their synthesis is 

not the subject of this thesis, a brief description of the methods is 

reported in the following and is schematically illustrated in Figure 1.3 

Macrocycle

stoppers

thread
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In the “threading” procedure, the macrocycle will first encircle the 

thread to form a so-called pseudorotaxane. By endcapping the thread 

with bulky groups that prevent the dethreading, a [2]  rotaxane is 

formed.  

In the “clipping” method, the macrocycle is assembled in the 

presence of the endcapped thread or dumbbell by condensation.  

As a third possible route, careful selection of the size of the 

macrocycle can allow “slippage” of the ciclic molecule over the 

blocking groups at elevated temperature and yields, depending on the 

energy barrier, either rotaxanes o pseudorotaxanes. [13]  

 
Figure 1.3. Three different strategies for the synthesis of [2]  rotaxanes. 

 
The choice of one of these three routes in the preparation of a rotaxane 

depends mainly on the chemical nature of the different components 

and on the chemistry required to establish the interlocked molecule. 

An interaction between the two individual components is very often 

the driving force in the synthesis of rotaxanes. The different types of 

interactions, which can occur in the mechanically linked species can be 

divided into Van der Waals interactions, hydrophobic interactions, 

hydrogen bonding, donor–acceptor interactions and transition metal 

coordination.  
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In the case of rotaxanes studied in this thesis work the most important 

interactions are hydrogen bonding and π – π. They are tertiary amide-

based rotaxanes as depicted in Figure 1.4 left and right  synthesized by 

Leigh and co-workers. [15,16] Here after they will be called rotaxane 1 

and rotaxane 2 respectively. The decisive element for molecular 

recognition is the mono amide functionality. Hydrogen bond is 

essentially responsible for the self organisation process whereas π-π 

interactions are thought to be of only minor significance. 

 

Figure 1.4 Chemical structure of the [2]  rotaxanes, investigated in this thesis. They were 

termed rotaxane 1 and rotaxane 2 respectively. 

 

1.2.3 Self organisation of rotaxanes nanostructures 

Rotaxanes are molecular systems that respond to an external 

stimulus (electrical, chemical, optical, mechanical, or environmental) 

and modify their co-conformation accordingly. Therefore, they are 

potentially interesting as molecular actuators, [14] building blocks for 

mechanical molecular machines [14] and potential memories and 

sensors. [14] Rotaxanes form a class of molecular architectures with 

adaptive functionality. [14] Several examples of controllable or 

triggered motions (Figure 1.5) of the macrocycle with respect to the 

thread have been reported, resulting in changes of properties such as 

conductivity, [17] circular dichroism, [18] and fluorescence. [16,19] 
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These results suggest that new paradigms for switching, information 

storage, sensing, adaptive surface behavior, and smart coatings could 

be developed based on rotaxane architectures. However, the degree to 

which such effects, which have mostly been observed in solution, can 

be transferred to the condensed phase is not yet clear, [20] especially 

with respect to the technologically relevant medium of thin films. Nor, 

indeed, is it clear how the stimulus/response process can be most 

effectively controlled.  

 
 

Figure 1.5.Example of a triggered motion of the macrocycle in a [2] rotaxane (reversible 

shuttling of the macrocycle). 

 

There have been many studies on the triggered response of 

rotaxane thin films. [21] The experimental results on electrical 

switching of a rotaxane system developed by Stoddart and Heath have 

raised several questions related to the mechanism, whether it occurs at 

a single-molecule level [22] or it is due to a local re-organisation. [23] 

The analysis of the energetics of a different rotaxane system in the 

solid state suggested that the mobility of the macrocycle with respect 

to the thread would be enhanced if the hydrogen bonding ability of the 

macrocycle was saturated by interactions with the thread rather than by 
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intermolecular interactions. [24] This assertion was supported by 

atomic force microscopy (AFM) indentation of microcrystals, which 

demonstrated the larger plasticity of the rotaxane crystals with respect 

to crystals of either the thread or the macrocycle. Cavallini et al. 

recently reported a remarkable phenomenon whereby a local 

mechanical perturbation applied via AFM operated at a precise load 

force on a region of a rotaxane thin film transforms it into arrays of 

regularly spaced nanostructures (dots), [25] as shown in Figure 1.6, 

that could coalesce to form lines [26] under the right conditions.  

Figure 1.6. Self-organisation of a thin rotaxane film into nanodots upon a mechanical 
stimulus (AFM Tip). 

This self-organization occurs collectively as the perturbation is 

applied. The phenomenon is reminiscent of the phenomenology of 

spinodal dewetting [27] since the characteristic length scale is 

controlled by the film thickness. Getting a good control of these 

nanodots will lead to the birth of new information storage devices. 

(Figure 1.7). 
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Figure 1.7. (A) Array of dots fabricated of rotaxane 1 by individual line scans of the AFM 
tip on a 5-nm-thick film of rotaxane 1 deposited on highly oriented pyrolitic graphite. (B) 
For a given thickness (here 20 nm), the number of dots is linearly proportional to the scan 
length. The number of dots can be determined with an accuracy of at least 2%. Film 
thickness controls the characteristic size. Varying the film thickness in the range between 
3 and 35 nm, interdot distance increases from 100 to 500 nm, the dot full-width-half-
maximum from 40 to 250 nm, and the dot height from 1 to 20 nm, with a dispersion of 
10 to 20%. (C) Pattern made of 31 lines with 45 dots each on an 30 by 30 µm2 area on a 
thicker film. (D) Proof-of-concept for information storage. The sequence "e c 7 a 8" in the 
hexadecimal base corresponds to the number 968616. (From ref. 25). 
 

In this thesis we have studied the mechanism of the self-

organisation of rotaxane 1 and 2 thin films upon thermal and chemical 

stimulus and the effect of the substrate on their thin films. Then we 

have determined the phenomenological parameters which can be used 

to control the thickness of rotaxane films, by spin coating. Thus, we 

have studied the viscoelastic properties of rotaxane 1 since it exhibits 
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nanocrystals when annealed, that we have not obtained with the 

rotaxane 2.  

1.3 Organic semi conductors 
1.3.1 Quinquethiophenes: What are they? 

Thin films of quinquethiophenes have been investigated because of 

their relevance as active layer on Organic Field Effect Transistor 

(OFETs) 

Quinquethiophenes [28] are a family of oligothiophenes with 5 

thiophenes units linked. They are a well know organic semiconductors 

materials. The molecular structures of the oligomers we have 

investigated are shown in Figure 1.8. 

Figure 1.8. Molecular structure of unsubstituted quinquethiophene (T5) substituted 

quinquethiophene (T5Me) and modified quinquethiophene (T5A). 

The immensely broad spectrum of organic semiconductor 

molecules can be classified into two major groups: polymers, and 

small weight molecules or oligomers. Polymers are long-chain 

molecules formed by the repetition of molecular units. The number of 

repetition units is indeterminate, thus leading to a variable molecular 

mass. On the contrary, small weight molecules have a well defined 

molecular weight. From the point of view of their electronic and optic 

properties both groups can be considered rather similar, being the main 



1. General introduction 

 

 14 

difference the thin-film deposition methods. In this sense, polymers 

show the advantage of being processable from solution. Oligomers are 

in most of the cases insoluble and are thus deposited by technically 

more demanding methods with consequently higher associated costs. 

However, their major advantage with respect to the polymers is that 

they can be grown in thin films of high purity and crystalline order, 

two important requirements to obtain high charge carrier mobility.  

Thin films of organics oligo-thiophenes are of great interest as 

active layers in devices such as field-effect transistors, [29,30] light 

emitting diodes, [31] solar photovoltaic cells. [32] The transport 

phenomena in these molecular devices depends on the interplay 

between electronic structure and order in the molecular assembly 

These films allow for the investigation of fundamental physical 

phenomena, such as mobility, charge injection, and interface 

phenomena in organic layers, that critically depend on structure [33] 

and morphology. [34]  

1.3.2 Organic Field Effect Transistors (OFETs) 

The potential use of organic semiconductors in field-effect 

transistors (OFETs) was already demonstrated in the late eighties. 

[35,36] Since then, tremendous efforts have been devoted to the 

development and optimization of these devices, which consequently 

lead to a rapid progress, to the level that the performance of good 

organic thin film transistors (OTFT) rivals that of commercial 

amorphous silicon transistors. Thin film field-effect transistors consist 

on a semiconducting film contacted by metallic source and drain 

electrodes, and a third electrode (gate) separated from the 

semiconducting film by a dielectric layer. There are several different 

options to arrange the elements of the device, being the main 

difference the relative position of the contacts with respect to the 
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semiconductor (on top or bottom), as shown in Figure 1.9. The typical 

dimensions for the channel length (L) and width (W) are in the range 

of 1 to 50 µm and 100 µm to 11 cm respectively, though devices with 

channel lengths in the nanoscale have already been demonstrated. [37]
 
 

The operation of OFETs depends on the applied gate and source-

drain voltages. [37, 38] When a positive voltage is applied to the gate 

(VG), negative charges are capacitively induced in the semiconducting 

layer (Figure 1.9) and vice-versa. Much of this charge is mobile and 

thus moves in response to an applied source-drain voltage (VD).  

 

Figure 1.9. Representation of thin film transistors possible configurations. 

Ideally, at VG=0 there is an absence of mobile charge carriers and a 

consequently low conductance in the semiconducting film. The device 

is “off”. Upon gate voltage application, the charge injection increases 

the conductance and the device is turned “on”. In order to clarify the 

underlying concepts of the field effect transistor operation, Figure 1.10 

shows, in a simplified way, a scheme of the evolution of the electronic 

energy levels in the device. The application of VG shifts the 

semiconductor energy levels with respect to the Fermi levels of the 

contacts, until the HOMO (VG<0, p-channel operation) or the LUMO 

(VG>0, n-channel operation) reach the Fermi level. This leads to a 

charge injection into the semiconductor and to an electric current 
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between source and drain upon application of a drain voltage. 

However, additional aspects not taken into account in this simple 

representation make that, with few exceptions, a given organic 

semiconductor acts only as hole or electron conductor and is 

consequently classified as n- or p-type semiconductor. 

 

Figure 1.10 (a) Idealised energy level diagram of an organic thin TFT at VG=0 and VD=0. 
(b-e) showing the principle of field effect transistor operation for the case of (b) electron 
accumulation and (c) transport and hole (d) accumulation (e) transport (from reference 37) 

If we define the “threshold voltage” VT as the voltage necessary to 

generate mobile charge carriers in the semiconductor, the current-

voltage relationship in an OFET can be described, as for conventional 

semiconducting devices, [39,40] by:  
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This equation is called “linear regime” equation, and is valid when 



1. General introduction 

 17 

VD < (VG - VT). If VD = (VG - VT), the semiconductor region near the 

drain contact is completely depleted of free charge carriers. Once this 

point is reached, the current becomes independent of VD and it 

follows:  

2

,
)(

2 TGsatsatD
VVC

L

W
I −= µ  

In general, the transistors are characterized either by sweeping VD at 

a constant VG  (ID-VD) or output curve, or by sweeping VG at constant 

VD (ID - VG), or transfer curve. By adjusting the obtained curves in the 

linear or saturation regime to the previous equations, the mobilities µlin 

and µsat can be calculated (leading often to different values, usually 

with higher mobilities in the saturation regime), in addition to other 

important parameters such as VT, Ion/Ioff, and the subthreshold swing S 

(a measure of the switching speed from the on to the off state). 

For a given molecular material, it is the charge carrier injection into 

the organic semiconducting layer and the charge carrier mobility 

within the organic film which mainly determine its electronic 

performance. The charge carrier mobility depends crucially on the 

intermolecular overlap of the electronic π-orbitals of the molecules, 

which is in turn intimately related to the crystal structure [41,46]. For 

an optimum electronic transport, the achievement of organic single 

crystalline films would be the ideal case, since the intrinsic charge 

carrier mobility obtained in single crystals actually represents an upper 

limit for the thin films. [44,47-49]
 
In practice, the growth of TFT 

results in the formation of polycrystalline films, introducing charge 

traps at the grain boundaries, [50-53] defects [54,55] and interfaces, 

[56] which reduce the effective carrier mobility in the films.  

The charge carrier injection depends on the energy barrier at the 
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semiconductor-metal interface and is strongly influenced by the 

structural and electronic properties of the organic films at the contacts. 

[37] The inherent contact resistance of a metal-semiconductor junction 

showing a potential barrier between the metal work function and the 

HOMO or LUMO level, is frequently further enhanced by additional 

dipole barriers generated at the interfaces. [37] In addition, in bottom 

contact devices the semiconductor usually shows different growth 

behaviours on the contacts and on the dielectric, giving rise to a large 

number of grain boundaries in the transition region close to the 

contacts. [57,58] For these reasons, it is often the case that the contact 

resistances in the devices are large and limit their performance. [37,59-

60] 
 
Another important aspect for the device properties is the material 

purification, [66] since the presence of impurities can have several 

negative effects on the device, as e.g. generating traps or increasing the 

semiconductor conductivity with dopants and thereby reducing its 

Ion/Ioff  ratio [38,55] 
 
 

The challenge is to find a route to optimize the parameters of 

influence, i.e., increase the domain sizes, [67,68]
 
obtain structures of 

upright standing molecules in order to have the overlap of π-orbitals 

and thus the favoured direction of charge carrier transport in the 

surface plane, [41,37,48] obtain highly aligned films, [42,54] decrease 

defects or other charge carrier traps, or improve the charge injection. 

There is a number of accessible tools which have been explored to 

reach each of these goals.  

For the optimization of the charge carrier mobility within the 

organic film, special attention has to be paid to the first layers in 

proximity to the dielectric, since it is already well established that the 

charge transfer takes place mainly along these very first layers of the 

semiconductor close to the dielectric interface. [34d,58,69] 
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Among the oligothiophenes, the shorter homologue of 

sexithiophene (T6), quinquethiophene (T5), has been much less 

studied. T5 is more difficult to synthesize than T6, but has the 

advantage of being slightly soluble in a few organic solvents which 

makes it easier to purify. At the same time, solubility offers the 

possibility of processing thin films by solution deposition or casting, 

which are more relevant in view of large area applications.  

Scarce data from different laboratories on field-effect charge 

mobility generally quoted between 1 and 2 orders of magnitude below 

that of T6 have been published. [70,71] Interestingly, experimental 

data obtained by a variety of structural techniques strongly suggest that 

T5 can self-organise into layered structures, [72] which makes it 

promising as an organic semiconductor with high charge carrier 

mobility.  

Therefore, in this thesis, we have studied some general trends of 

variation in the electrical properties of T5 on changing film deposition 

conditions or introducing structural modifications of the backbone. 

1.3.3 Thin Films and their importance in technology 

As thin films represent instances of low dimensional solids, they 

arise nowadays a large interest in science and technology. 

Many techniques can be used for the film deposition according to 

the state (liquid, powder, etc…) of material. In the case of vapour 

deposition for instance, one has to consider rate of deposition, 

temperature of vapour atoms or molecules, angle of incidence of 

vapours, electrostatic charges carried by vapours, the substrate and 

vapour materials, substrate temperature and thermal accommodation 

and condensation coefficients of the vapour atoms and the ambient gas 

atoms carrier. Thin films properties may vary from technique to 

technique. 
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1.3.4 Thin Films growth modes  

Many of today solid state devices are based on thin films, 

consequently making their growth a subject of high technological 

interest. The requirements for the film structure and morphology can 

vary from couple of layers to multilayers with layers of well defined 

thicknesses and sharp interfaces. The control over the final film 

structures and morphologies is thus crucial for the device performance. 

The theoretical background of film growth is very broad and has 

been studied under different approaches. Here, only a brief summary is 

presented, focused on those aspects necessary for a basic 

understanding of the growth  

There are three basic scenarios that can describe the evolution of 

the film morphology upon film growth, as shown in Figure 5.2: 

i. One layer starts forming and the next layer does  not starts until 

the previous one is completed. This is called “layer-by-layer” or 

“Frank-Van der Merwe” growth.  

 

Figure 1.11 Schematic representation of the three different film growth scenarios.  
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ii. The deposited material assembles in islands. This is called 

“island” or “Vollmer-Weber” growth. 

iii. Initially a layer-by-layer growth takes places, which switches to 

an island growth after a critical thickness. This is called “layer-plus-

island” or “Stranski-Krastanov” growth.  

One of the approaches to explain and predict the three different 

growth modes was derived by Bauer. [73] from the three macroscopic 

surface tensions of the involved interfaces, the overlayer-vacuum 

interface (γ0), the overlayer-substrate interface (γi), and the substrate-

vacuum interface (γs). If the surface tensions fulfill following 

condition:  

γo + γ
i  
≤ γs                                           (1.1) 

the system is energetically favoured if the overlayer completely covers 

the surface, consequently leading to a layer-by-layer growth. If this is 

not the case, the substrate will be only partially covered, leading to an 

island growth. Stranski-Krastanov growth takes place if equation (1.1) 

is initially fulfilled below a critical thickness, thus following a layer-

by-layer growth behaviour, but only during the growth of the first 

layers. This growth scenario is often found in heteroepitaxial growth 

due to the formation of a strained overlayer. The strain accumulated in 

the overlayer can be considered to contribute to γi and shows a 

monotonic increase of energy with increasing film thickness. Thus, at 
a critical thickness an unstable situation is reached at which γo + γ

i 
> γs, 

and the system switches from layer-by-layer to island growth.  

However, these considerations are only applicable in 

thermodynamic equilibrium, while film growth intrinsically implies 

being away from equilibrium. Consequently, only those systems which 
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are close to equilibrium, i.e. high substrate temperature and low 

deposition flux, can be properly described by a thermodynamic 

approach. To account for growth scenarios arising from systems 

further from equilibrium (low substrate temperatures and high 

deposition rates), kinetic aspects have to be considered such as 

adsorption, desorption, diffusion or nucleation, [74,75,76] as shown in 

Figure 5.2. Each of these processes has different activation barriers, 

and the final film morphology is determined by the hierarchy of their 

barriers together with the deposition rate and substrate temperature. By 

optimization of these two easily controllable growth parameters, the 

kinetic aspects can be exploited to obtain desired metastable film 

morphologies. 

 

Figure 1.13. Kinetic processes occurring during film growth. 

1.3.5 High vacuum deposition  

Among the various film growth techniques, high vacuum deposition 

is widely used due to the good control it offers over the chemical 

purity, the atomically clean substrate and environment, film thickness, 

growth rate and substrate temperature. The deposition consists on 

holding the substrate under high-vacuum typically (10-6-10-8) mbar 

conditions, exposed to a flow of molecules in the vapour phase. The 

molecular flow is generated in so-called Knudsen cells, which 

typically consist of crucibles with a temperature sensor, surrounded by 

a heating filament and a thermal shielding. The material is put into the 

crucible and heated until sublimation takes place. The small opening of 
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the crucible towards the high vacuum chamber generates a rather 

focused molecular flow, which can be blocked by a shutter and whose 

flux is controlled by the crucible temperature.  

1.4 Thesis overview 

The aim of part of the work done in this thesis concerns the 

understanding of the nature of the nanostructures, the mechanism by 

which spatial correlations emerge and propagate across length scales in 

rotaxanes and the extend to which rotaxane architecture plays a 

specific role in the self organisation in the solid state. The other part is 

about the study of quinquethiophenes (unsubstituted, substituted and 

modified). 

This thesis is organised as follows: 

this chapter: a general introduction; chapter 2: the study of the Self- 

organisation of rotaxanes thin films into spatially correlated 

nanostructures; chapter 3: Thickness control of rotaxanes thin films 

grown by spin coating; chapter 4: the study of the viscoelastic 

properties of rotaxanes thin films when undergoes crystallites; chapter 

5: FET device performance, morphology and X-ray thin film structure 

of unsubstitued and modified Quinquethiophenes; an appendix. At the 

end of every chapter we draw a conclusion. 
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Chapter 2 

Self-Organisation of Rotaxane Thin Films 
into Spatially Correlated Nanostructures. 

2.1 Introduction 

In this chapter we investigate the transformation of thin 

films of rotaxanes shown in Figure 2.1 cast onto carbon 

surfaces (highly oriented pyrolitic graphite and amorphous 

carbon). The transformation of the thin film is induced either by 

heating the samples (below their melting temperature, viz 

345°C for rotaxane 1 and 360°C for rotaxane 2) and by solvent 

annealing. The evolution vs time of annealing is studied by 

atomic force microscopy (AFM). The first rotaxane exhibits 

more interesting nanostructures than the second, which were 

investigated by bright field transmission electron microscopy 

(TEM), and selected area electron diffraction (SAED). [1].  

Figure 2.1. Structure of the Rotaxane 1 (left) rotaxane 2 (right) 

This chapter is organized as follows: the details of the 

experiments are given at the “Experimental and methods” 

section; in the “Results section”, we describe first the 

morphological and structural evolution of the film upon 

annealing, into nanostructures and crystals, and present also the 

results of molecular mechanics simulations of rotaxane 1 
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crystallites on the energetic of interconversion from a variety of 

surfaces to the minimum energy ones. The chapter is end by a 

“discussion and conclusion” section. 

2.2 Experimental and methods. 

2.2.1  Materials and thin films. 

Thin films of Rotaxane 1 [2] and 2 [3] were used. For 

comparison, thin films of the thread or macrocycle alone were 

also made but they did not give similar results. Thin films at 

different thicknesses ranging from 3 to 35 nm were spin cast 

onto different substrates: freshly cleaved highly oriented 

pyrolitic graphite (HOPG ZYH Grade, NT-MDT, Moscow, 

Russia) and amorphous carbon films prepared by vacuum 

sputtering onto freshly cleaved mica, and native silicon (for 

rotaxane 2 only). On all type of substrates at room temperature, 

the thin films were deposited by spin casting (1500 rpm) of a 

rotaxane 1 solution in acetone 0,5g/l or a rotaxane 2 solutions in 

dichloromethane, dimethylformamide, ethanol and acetone in a 

concentration of 0,5g/l. All solvents were of spectroscopic 

grade by Aldrich. 

The solution was dispensed as a few droplets on graphite 

substrate whose surface was normalized to 25 mm2 area. The 

samples were then annealed in a thermostatic oven in air at 

progressively longer times. The annealing temperature was 90 

°C for the rotaxane 1 and 90, 120 and 160°C for rotaxane 2, so 

to be considerably lower than the melting temperature of 

rotaxane powder. These temperatures were chosen because they 

set a suitable timescale for the AFM experiments. At the end of 

each time interval, the sample was removed from the thermal 

bath, brought to room temperature (RT), and observed by a 

microscopy technique. The morphology of the samples 

remained unchanged for a period of several months.  
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2.2.2 TEM /SAED experiments 

The annealed films of rotaxane 1 were transferred to copper 

electron microscopy grids (200 mesh). In the case of samples 

deposited on amorphous carbon this transfer was readily 

performed by a flotation technique [4] In the case of samples 

made on HOPG a more indirect method was used to peel off the 

organic thin film from its substrate too thick to be transparent to 

electrons. We therefore evaporated a thin layer of amorphous 

carbon on top of the film, put small drops of polyacrylic acid 

solution (25 % in water, Aldrich) on the zones we wanted to 

transfer and then peeled off these patches after drying 3-4 hours 

at room temperature. The polyacrylic acid patches were 

subsequently put upside down on a distilled water surface and 

left to dissolve. After about 4 hours the self standing carbon 

film holding crystals of rotaxane 1 stripped from the original 

HOPG substrate were then picked up on the copper TEM grids. 

The samples were observed by bright field electron microscopy 

and electron diffraction using a Philips CM12 TEM (courtesy 

of CNRS ICS Strasbourg) fitted with a LaB6 filament and 

equipped of a CCD camera (Megaview III from Soft Imaging 

System). The accelerating voltage was 120 kV and, in order to 

minimize the beam damage, we used the low dose mode of the 

microscope together with small C2 aperture (30 micron) and 

low current (spot 8-9 setting). The selected area electron 

diffraction patterns were recorded at a 2.50 m chamber length 

using a 10 micron selecting aperture. The experiments were 

carried out at room temperature. 

2.2.3 Morphology characterisation 

We used an AFM Autoprobe CP Research Park scientific 

instrument at ambient conditions to investigate the morphology 

of the samples prepared on HOPG, and in one case of the 

sample stripped with amorphous carbon. AFM revealed that 
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films were 5-15 nm thick. AFM scans were performed on the 

same area on samples annealed for different times, so that the 

local transformation of the thin film could be monitored always 

in the same region. Images were analyzed using autocorrelation 

software with the program NIH-Image (NIH, Bethesda, MD). 

2.2.4 Modelling 

MM3 model [5] was used to calculate structure and energy 

of surfaces of rotaxane 1. The force field was developed by 

fitting both heats of formation and structural parameters in the 

gas phase and in crystals. All the calculations reported here 

were performed using the TINKER package. [6] The surface 

geometries of the rotaxane 1 were optimized starting from the 

crystal structure determined by X-ray diffraction data. 

2.3  Results 

2.3.1 Thermal annealing of rotaxane 1 

Figure 2.2 shows the evolution of a thin film of rotaxane 1  

upon heating the sample at 90°C. The sequence of images 

shows the occurrence of a three-step transformation: (i) the 

continuous film dewets into an ensemble of hemispherically 

capped droplets; [7] (ii) droplet size grows in time by ripening 

[7d,8] and a characteristic length scale emerges as outcome of 

spatial correlations; [9] (iii) at a later stage, some droplets 

transform into crystallites which then grow by depleting 

droplets from the surrounding region. At this later stage, there 

is no longer a characteristic length scale. Thus, the 

crystallization wipes out the spatial correlations established 

earlier. The spatial correlations are described by means of the 

height-height correlation function, g(r) = <(h(r) - h(0))2>. [9] 

Here, h(r) is the topography height for the radial distance r, and 

the average is performed on the azimuthal coordinate. [10] In 

Figure 2.3, g(r) is plotted vs r for the image sequence shown in 
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Figure 2.2. The curves at earlier times exhibit a first local 

maximum at non zero length scales, and other maxima, damped 

in intensity, are observed at integer multiple length scales.  

The position of the first maximum defines the characteristic 

length scale, viz. correlation length, whose evolution vs 

annealing time is shown in the inset of Figure 2.2.  

It is clear that the characteristic length scale (ξ) increases 

linearly in time as a result of the size/distance increase of the 

droplets and then it saturates. In the monotonically growing 

regime, the increasing intensity of the maximum peaks reflects 

the enhancement of spatial correlations in time. Saturation of 

the characteristic length scale, ξ corresponds to the onset of 

crystallization via a massive ripening and disappearance of the 

droplets in the surroundings of the growing crystallite. The 

corresponding g(r) shows an abrupt decrease of the intensity of 

the peaks, as the mosaic of droplets disappears in favour of the 

crystallites growth. 
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Figure 2.2 Evolution of local morphology for a rotaxane thin film spin-casted at 

room temperature and then annealed at 90°C for a time t: (a) t = 0 min, height 

range (black to white) z = 8 nm; (b) t = 2 min, z = 6 nm; (c) t = 10 min, z = 10 

nm; (d) t = 15 min, z = 12 nm; (e) t = 20 min, z = 12 nm; (f) t = 90 min, z = 32 

nm.  
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In Figure 2.4, depletion/incorporation the processes of 

nucleation and crystallisation via of the droplets from the area 

surrounding the nucleus are shown. The growing crystal 

exhibits the following features: (i) it nucleates 3D since the 

early stages, as apparent from the profile (Figure 2.4f) where 

the lowest layer is 5-6 nm heigh; (ii) edges and corners become 

sharper and better defined in time; (iii) the crystal exhibits a 

layered structure with steps 1.5 ± 0.3 nm high. This value is 

consistent with the interlayer spacing along the b direction 

reported for rotaxane 1 crystal (1.39 nm). [11] 

Figure 2.3. Evolution of the height-height correlation function extracted from the 

AFM images in Figure 2, showing both the increase and the shift in spatial 

correlations (height and position of the first maximum). Inset shows the 

evolution of the correlation length, viz. the position of the first maximum. 
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Figure 2.4. The rotaxane 1 thin film is annealed at 90°C for 20 min. After 
formation of the first nucleus (Figure 1.4b), the crystal grows by capturing the 
smaller droplets from the surroundings. Following the numbers, we can 
understand better the evolution of single nanodots until the recrystalisation (e.g. 
following the arrows to see the evolution of dot 1). The figures show the 
evolution at annealing time intervals ∆t = 5 min: (a) the film as spin-casted at 
room temperature before annealing t = 0, height range z = 12 nm; (b) t = 5 min, z 
= 18 nm; (c) t = 10 min, z = 18 nm; (d) t = 15 min, z = 19 nm; (e) t = 20 min, z = 
20 nm; (f) profile across the black line in (e).  

The larger spread, viz. 10°, then largely arises from the finite 

width of the rotaxane 1 crystals. The underlying graphite 

substrate orients the growth of the rotaxane crystallites. The 

texturing is largely the result of the preferential nucleation of 
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the crystallites and the larger molecular diffusivity along 

terraces and steps of HOPG. Whether epitaxy, in terms of 

commensuration between rotaxane and graphite lattices, is 

relevant will be addressed in the following subsection. 

2.3.2 Thermal annealing of rotaxane 2 

The transformation of the thin film is induced by heating the 

samples at 90 °C. The evolution vs time of annealing is studied 

by AFM as we did with rotaxane 1, but the results (Figure 2.5) 

show that there is no transformation, the temperature seems to 

be very low to induce any transformation. The initial film with 

holes conserves his morphology with the annealing time and we 

couldn’t obtain crystals. Thus, we decided to increase the 

heating temperature. 

Figure 2.5 Evolution in morphology of the rotaxane 2 thin film annealed at 90°c 

respectively at A) 0 min; B) 5 min; C)10 min; D)15 min; E) 20 min.The samples 

were prepared from an ethanol solution . 

We have increased the heating temperature at 120°C in next 

experiment. The Figure 2.6 shows the evolution in 

morphologies of films. The initial film present holes, after 

respectively 5 min, 10 min and 60 min time annealing, can 
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observed a small increase of holes but we have not get crystals 

like those of rotaxane 1. Since we haven’t observed a 

considerable transformation from ethanol solution on HOPG, 

we have thought to change the solvent and/or substrate. We 

have prepared samples from N,N-dimethylformanide on HOPG 

as shown in Figure 5.7. The results are films thick about one 

monolayer without change upon annealing at 160°C in 90min. 

 

Figure 2.6 AFM images of rotaxane 2 thin films annealed at 120°C respectively 

at 0 min; 5 min; 10 min; 60 min. The samples were grown from an ethanol 

solution The images were performed in the same area. 
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Figure 2.7. AFM images showing a monolayer of rotaxane 2 on HOPG. a) before 

annealing; b) after annealing at 160°C in 90 min. Films results in sublayers 

materials, strongly attached to the substrate. 

In view of the experimental results of rotaxane 2, it appears that 

the interactions of rotaxane 2 with HOPG substrate are very 

strong. So we check the native silicon (Si/SiOX), a substrate 

technologically relevant to confirm the effect of the substrate on 

the recrystallisation process. We obtained only from 

dichroromethane a very thin film, which after 90min annealing 

is transformed in very correlated nanodots of about 6 nm 

diameter or height as shown in Figure 2.8 with a surface 

coverage up to 90%. The increasing of annealing time has not 

show further change. 
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Figure 2.8 Evolution in morphology of rotaxane 2 thin film grown on Si/SiOX  
substrate a) film at room temperature b) the film was annealed at 90°C in 90min 
and yield in very correlated nanodots of about 6 nm height as the line profile is 
showing in c). 

2.3.3 Sovent annealing of both rotaxanes 

The transformation of rotaxanes thin films can be induce by 

exposing the film at a volatile solvent such as acetone. 

The Figure 2.9 and 2. 10 shows the results of solvent annealing 

of rotaxane 1 and 2 respectively. When thin films of rotaxane 1 
and 2 grown by spin coating were exposed to acetone vapours, 

for 24 hours rotaxane 1 showed very nice and epitaxially 

oriented crystals, whereas rotaxane 2 was transformed in 

droplets. This result confirm the strong interaction of rotaxane 2 
with the substrate. 
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Figure 2.9 AFM images showing the results of solvent annealing of rotaxane 1 

thin film on HOPG. A) film from an acetone solution, at room temperature 

before annealing. B) film after 24 hours under acetone vapours. The crystal 

morphology and texture will be presented in the following.  

 

 

Figure 2.10 AFM images showing the evolution in morphologies of a rotaxane 2 
thin film from dichloromethane (0,5g/l) on HOPG a) film at room temperature; 
b) after 24h under acetone vapours.  

Because only rotaxane 1 yielded crystals, We have investigated 

crystals texturing by AFM, TEM and SAED. 

2.3.4 Texturing analysis by AFM of rotaxane 1 

When crystallisation is completed, droplets have completely 

disappeared and a texture of crystallites on the graphite surface 

is formed, as shown in figure 2.11. The angular distribution of 

the fast growth directions of the rotaxane 1 crystal with respect 

to the underlying graphite lattice was measured by performing 

2D-Fast Fourier Transform (FFT) on AFM images. From the 

2D-FFT (inset in Figure 2.11) it appears that the main 
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alignment directions of the rotaxane 1 crystals form roughly 

120° angles among themselves. An estimate of the angular 

spread in the three directions from the 2D-FFT comes out to 

about 10°, so the angles between the directions of in-plane 

orientation of rotaxane 1 crystals are 120° ± 10°. The average 

domain size in HOPG substrate used (grade Z) is ~5-10µm, 

which matches the typical AFM image size as in Figure 2.5. 

Mosaicity of HOPG used is 3.5 ± 1.5, which sets the lower 

intrinsic limit on the spread of the angular distribution of 

rotaxane 1 crystal on HOPG 

 

Figure 2.11. AFM image of rotaxane 1 crystallites on HOPG showing orientation 
along three directions. Step edges of HOPG are also visible. Inset shows 2D-FFT 
of the image exhibiting a 6-fold angular symmetry. 

2.3.5 Structural investigation by TEM and SAED.  

The annealed samples of rotaxane 1 were transferred from 

the graphite substrate to a copper grid coated with amorphous 

carbon or were prepared directly by casting and annealing on 
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amorphous carbon thin films for TEM investigations. Figure 

2.12a shows a bright field image of 1 deposited on isotropic 

amorphous carbon. Large lamellae coexist together with less 

defined droplets, which are largely inter-connected. Large area 

bright field TEM images show the same type of morphologies 

as those observed with AFM. Upon closer examination, it 

appears that these smaller objects show straight edges and 

indeed bear similarity to the larger lamellar crystals. One 

should also note that it is possible to identify large domains 

where neighbouring objects share a common in-plane 

orientation. Moreover, at an initial stage of the coalescence of 

droplets, a pre-transitional state is observed, with droplets 

assuming shapes with sharp corners. The droplets give rise to a 

connected network which evolves into platelet crystals such as 

that shown in Figure 2.12b at larger magnification. The 

corresponding SAED pattern is shown in Figure 2.12c. The 

indexation was assigned on the basis of the bulk crystal 

structure parameters of 1.15. 

Figure 2.12 (a) Bright field image of annealed thin film of rotaxane 1 spin cast on 

amorphous carbon. (b) Larger magnification image of a single crystal of rotaxane 
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1 grown on amorphous carbon. The facets were indexed from SAED pattern (c). 

(c) SAED diffraction pattern of the single crystal in (b). This set of indices leads 

to assigning the (010) as the basal plane of the rotaxane 1 crystal.  

The observed diffractions are of (h0l) type and therefore the 

contact plane of this platelet crystals with the substrate has been 

indexed as (010). The bounding facets corresponding to the fast 

growth directions are (102) and (-101). On HOPG, the crystal 

indexing has been done based on the structural results by 

TEM/SAED and comparison of the measurements from AFM 

images with the expected angles from the rotaxane 1 structure.  

On HOPG, angles of 125°, 121°, and 59° were often observed 

in rotaxane 1 crystals. These values match the 121° angle 

between (301) and (-101). Thus, (-101), (102), and (301) facets 

are found, in some cases also (-10-1) which are expected to be 

at 85° from (-101). From the representative AFM image of 

rotaxane 1 on graphite (Figure 2.13), we infer from the aspect 

ratio of the crystals that (101) and (301) are faster growing 

facets than (-101). The (301) facets appear pinned to the 

graphite steps. This suggests that graphite steps either promote 

nucleation of this facet, and hence the crystal grows starting 

from there, or they stop the growth of the (301) once it reaches 

the edge. This relationship between crystallographic directions 

of rotaxane 1 crystals and graphite is sufficient to explain the 

orientation at 60° and 120° of the rotaxane 1 crystals as in 

Figure 2.13. 
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Figure 2.13. Indexation of rotaxane 1 crystals on HOPG 

2.3.6 Energetics of rotaxane Surfaces.  

In an effort to obtain further insight into the surface 

properties of rotaxane 1, a computational investigation of the 

structures and the energy of nine surfaces characterized by low 

values of Miller indices were performed. Recently, both short 

time (sub-picosecond), harmonic, and long time (up to 

microsecond), large-amplitude, dynamics of this kind of 

systems were studied [12] with the MM3 model [13] which has 

become the method of choice to treat these systems. This 

method also reproduces rotational barriers and steric energies in 

cyclic and cage structures. Importantly, for the present purpose, 

MM3 also includes specific interatomic nonbonded potential 

energy functions that allow for a quantitative treatment of Van 

der Waals and electrostatic interactions which play an essential 

role in hydrogen bonding and in the π-π interactions between 

aromatic rings. The Figure 2.14a shows the rotaxane 1 

molecular orientation in the unit cell as from the 

crystallographic coordinates. It’s clear that, in the lamellae, the 

molecules of rotaxane 1 are standing with the thread almost 

perpendicular to the substrate. This orientation results in a 

contact plane made of an almost hexagonal 2D lattice of phenyl 
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end groups edge on the graphite surface, as shown in Figure 

2.14b,c. The in-plane parameters of the 1 crystal are a = 1.057 

nm and c = 1.075 nm, forming an angle β= 115.25°. The results 

of the geometry optimization are shown in Figure 2.9 and 

summarized in Table 2.1. By inspection, we notice three points 

about the (010) surface:  

i. This surface is the second most stable of the surfaces 

examined. The stability vouches for (010) as a possible final 

product of the transformations induced by an external 

perturbation, which can be a mechanical one (AFM tip), a 

thermal one or by solvent annealing.  

ii. The lattice parameters of the (010) surface are within 

19% misfit respect to lattice parameter of graphite. The 

additional role of the graphite may indeed be to further stabilize 

the (010) surface with respect to other minimum energy facets 

by epitaxy.  

iii.  The packing of the rotaxane in the (010) surface results 

in some of the strongest interaction energies between either one 

of the two interlocked molecules (i.e., macrocycle or thread) 

and the surrounding environment.  

When these interactions are small, one can expect that the 

surface is easily modified either by a scanning AFM tip or by 

other external stimuli such as temperature. When these 

interactions are large, the molecules are strongly held in place 

by their neighbours. Even, if this surface is formed, it therefore 

appears to be more difficult to disrupt compare to other 

surfaces.  

In short, (010) appears as the best compromise for the final 

product of the transformation since it forfeits a small amount of 

surface energy, it has large interactions of ring and dumbbell 

with the nearby molecules, and its lattice parameters are close 

to those of graphite.  
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Table 2.1. Optimized Surface Energies, (J m-2), of Rotaxane 1a 

Surface  Emacro Ethread SAS SR  

100  0.0516  10.83  10.97  381.07  1.29  

010  0.0910  13.21  9.19  182.53  1.78  

001  0.0933  14.60  13.45  375.54  1.28  

011  0.1679  8.00  4.41  582.93  1.85  

101  0.1799  6.49  6.34  635.19  1.56  

110  0.1607  9.64  7.07  501.60  1.59  

111  0.3421  4.75  3.57  673.09  1.58  

012  0.1712  8.49  7.19  637.10  1.78  

210  0.1408  9.76  7.49  620.53  1.71 

a Emacro and Ethread are the sum of interactions of each of the two components of 

the rotaxane with the surrounding molecules. The surface accessible area, SAS 

(Å2 cell-1), is the size of the corrugated surface. The surface ratio, SR, is given by 

the SAS divided by the area of the parallelogram spawn by the lattice axes. 

Figure 2. 14 (a) Orientation of rotaxane 1 in the unit cell; (b)-(c) contact plane of 

rotaxane 1 on the hexagonal 2D graphite lattice.  
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Figure 2.15 Optimised surface structures of rotaxane 1. The thread atoms are in 

yellow, while the macrocycle atoms are in blue and red.  

2.4 Discussion and conclusions. 

The dewetting of rotaxane thin films is the first stage of a 

complex process leading in the steady state to the crystallization 

of the material. At the early stages, thermally induced dewetting 

or solvent annealing is the result of either nucleation and 

growth of holes in some instances or a spinodal mechanism in 

others. The droplets are formed by either one of these paths, the 

following evolution leads to the process described in this 

chapter. At a later stage some droplets nucleate into crystallites 

and the latter grow by incorporation of the surrounding droplets 

until these disappear. The coarsening or coalescence of droplets 

by Ostwald ripening like mechanism introduces the spatial 

correlations from the mesoscopic to microscopic length scales. 

We do not know whether these droplets undergoing ripening 
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are crystalline, polymorphic, or amorphous. At later stages, we 

observe that individual droplets undergo a restructuration at the 

surface and possibly internally to give rise to stable nuclei. 

Ripening is a universal phenomenon, observed in many 

different systems, from water to metals, polymers, colloids, and 

liquid crystals. In the case of rotaxanes, the restructuration of 

the individual droplets by minimum energy pathways for 

crystallization involves collective motion of the macrocycles 

with respect to the threads.  

The activation energy of this small amplitude motion 

depends on the detailed hydrogen bond motif in the rotaxanes. 

Therefore, the onset of crystallization is a function of the 

specific rotaxanes via the energy barriers for the motions in the 

solid state and can be controlled by design.  

On both amorphous carbon and HOPG we have observed that 

rotaxane 1 crystallises from solution mainly in the form of large 

lamellae having the same crystal structure as that of the bulk. 

On both substrates the contact plane of these crystals is the 

dense (010) plane where the terminal benzene rings (stoppers) 

of the thread are oriented almost normal to the surface.  

The lamellae facets are indexed as very dense crystal planes 

and the aspect ratio is in agreement with surface energy 

evaluation from molecular mechanics simulation. The lamellae 

exhibit a common orientation over large areas. On HOPG a 3-

fold symmetry of the crystals orientation reveals a strong 

influence of the substrate on the nucleation and diffusion.  

The occurrence of epitaxy at the molecular scale cannot be 

either proven or ruled out here since our attempts to perform 

high-resolution STM on rotaxane ultrathin films and crystals 

did not provide conclusive evidence of the arrangement of the 

rotaxane molecules relative to the HOPG mesh. Also, we were 

not able to obtain diffraction patterns of the 1 crystals directly 

on their substrate since no sample was thin enough to enable 

electron transmission. The exact epitaxial conditions and the 



2. Self-Organisation of Rotatane Thin Film into Spatially Correlated  Nanostructures 
 

 52 

relative orientation of rotaxane 1 crystals with respect to HOPG 

could thus not be determined. Nevertheless, it is worth noting 

that the 2D periodicity of the (001) plane of HOPG is very 

close to the one of the (010) contact plane of 1. Although true 

2D epitaxy is not realized, it is often observed that the matching 

of periodicity along a single direction is sufficient to lead to 

perfect orientation of the overgrown rotaxane layer. If epitaxy 

were relevant, it is worth highlighting that it does not favour the 

development of a new crystalline polymorph nor of a new 

contact plane. The bulk structure and the (010) contact plane 

are thus apparently the most stable ones in the conditions 

explored.  

The transformation of rotaxanes thin films into self-

organized spatially correlated nanostructures upon a thermal 

perturbation and solvent annealing has been investigated using 

atomic force microscopy, bright field transmission electron 

microscopy, selected area electron diffraction, and molecular 

mechanics simulations. The evolution follows a complex path, 

where the film first dewets from the substrate to form nanosized 

droplets whose ripening gives rise to spatially correlated 

motives. In a later stage, the larger droplets nucleate and 

coalesce into crystallites that further grow into larger crystals 

by incorporating the surrounding droplets. Our results show that 

(i) the self-organized nanostructures represent a metastable state 

of a crystallization process, (ii) spatial correlations emerge 

during ripening, but they are destroyed as stable nuclei are 

formed and crystallization proceeds to completion, and (iii) 

crystallization, either on graphite or amorphous carbon films, 

leads to a precise basal plane, viz. (010), which has minimum 

surface energy. The rotaxane architecture  and the substrate 

favour the reorganisation and nucleation of the film in the solid 

state. Low-energy trajectories leading to crystallites with stable 

surfaces and minimum energy contact plane are found to occur 
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via concerted, small amplitude, internal motions without 

disruption of packing and intermolecular contacts.  

These features combine to make rotaxanes an extremely 

interesting system for the investigation of self-organization 

across length scales, and therefore for devising new patterning 

strategies based on the control of spontaneous length scales.  
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Chapter 3 

Thickness control of rotaxane thin films 
grown by spin coating. 

3.1 Introduction 
 

In the chapter 1 we found that the transformation of a thin film 

into spatially correlated nanostructures of rotaxane 1 depends only 

on the film thickness. It is important to know the exact film 

thickness in order to get an accurate control of the length scale of 

the nanostructures obtained after the stimulus. Among several 

techniques for preparing thin films from solution (drop casting, dip 

coating, flow coating, thermal spray coating, spin coating), we 

chose the spin coating because it is simple and yields homogeneous 

films also across large areas. Research in recent years has extended 

the scope of spin coating by chemically engineering the interface of 

support and solution in order to achieve also specific structural 

order in the resulting thin films. The importance of spin coating is 

manifested by his widespread use in science and industry. The 

technique is used in various applications such as coating of 

photoresist on silicon wafers, sensors, protective coating, paint 

coating, optical coating, membranes, actuators and for several other 

applications. The most widespread use of spin coating is in 

microelectronics applications. The technique can lead to very 

uniform films of well controlled thickness. 

This chapter describes the casting of rotaxane thin films and the 

method to access it quantitatively. [1] 
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3.2 Theory of spin coating 

The deposition of a viscous fluid on a horizontal rotating disc 

produces a uniform liquid film. During deposition the disc should 

either be static or be rotating at a low angular velocity, whereas 

after the deposition of a volume of solution, the disc is rapidly 

accelerated to a higher angular velocity (spin speed). The adhesive 

forces at the liquid/substrate interface and the centrifugal forces 

acting on the rotating liquid result in the sheering of the liquid 

which causes a radial flow. In Figure 3.1 the process is illustrated.  

Most of the material solution is rapidly ejected from the disc. 

This process combined with the subsequent evaporation of the 

liquid causes the thickness of the remaining liquid film to decrease. 

For a solution, e.g. a polymer solution, the evaporation process 

causes the solute concentration to increase and so does the viscosity 

at the liquid/vapor interface. After total evaporation of the solvent, 

an uniform solid film is obtained. [1] 

 
 

 

Figure 3.1. Schematic of the spin-coating process. 
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When the disk is static during the deposition, the film formation 

occurs in three steps: deposition, drainage of liquid and 

evaporation. In Figure 3.2 is shown the instruments we have used. 

After the solution deposition the substrate is spun at the desired 

angular velocity and the liquid spreads on the surface. The excess 

liquid is drained off by the centrifugal force. After a short time, 

thinning by drainage stops and evaporation takes over. Spin coating 

produce films with a typical thickness from one monolayer of 

material to several µm. It can give very homogeneous films with 

less than 5% thickness variation over areas larger than 100cm2. 

 

 
Figure 3.2 Schematic of the spin coater used (left) and the 3 steps of a spin coating 
process (right). 

3.3 Model of the spinning process 

The mechanism of spin coating is complex, due to the non 

equilibrium conditions and the fast time compared to the time scales 

of growth. It is not straightforward to model the process, and 

therefore it’s not surprising that many assumptions and 

approximations has been applied when attempting to model the 

process. [2-8] Emslie et al. [2] were the first to describe the spin-

coating process theoretically. They assumed a Newtonian behaviour 

of the fluid (i.e. a linear relationship between shear stress and shear 
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rate). Coriolis forces, gravitational gradients, as well as spatial and 

temporal variations in concentration, viscosity and vertical 

diffusivity were all neglected. In spite of these crude 

approximations, they could make generalized predictions of the 

flow pattern and the thickness of the resulting film. Later studies 

accounted for these neglected parameters resulting in significant 

improvement of the model to yield a better agreement with the 

experimental observations. [10-14]  

A great amount of experimental work described in the literature 

deals with deducing empirical correlations between experimental 

parameters and film thickness [4, 5,8,15,16-22]. It is known that 

angular velocity, solution viscosity and solution concentration, 

significantly affect the film thickness, whereas the rate at which one 

film is deposited, the history of rotational acceleration prior to the 

final acceleration, and the total spin time have none or limited 

effects. 

3.3.1 Angular velocity, concentration and viscosity  

In a solution, concentration and viscosity are related and in 

general, viscosity increases with concentration. The angular 

velocity of the disc in the spin coating process and the 

concentration (or viscosity) have been correlated to the film 

thickness [13,14]. The relationship is schematically shown in Figure 

3.3. This generalised correlation is a widely observed experimental 

result, which is phenomenologically expressed as: 

 βω1kh f = ……………..………………(3.1) 

where hf is the film thickness, ω is the angular velocity, while k1 

and β are empirically determined constants. Figure 2.3 shows that 

film thickness decreases with angular velocity and increases with 

concentration. The constants, k1 and β depend the physical 

properties of the material, substrate, on material/solvent 
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interactions, on solution/substrate interactions and also rheological 

properties. The viscosity η0 is, amongst other parameters, 

incorporated in the constant k1. 

Figure 3.3 Schematic of the relation between film thickness, angular velocity and 

concentration (Cn) in a spin-coating process (logarithm scale). The same relation 

applies for viscosity. 

Eqn. (1) can thus be expanded to eqn. (3.2).[20 

βγ ωη02Kh f =                                          (3.2) 

The exponent, γ, of the initial solution viscosity is typically 

observed to be in the range 0.29 – 0.39 for polymer solutions 

[4,17,18,20]. Spangler et al.[20] used the expression given by eqn. 

(3.2) and found the exponents γ and β to be fairly independent of 

the material/solvent systems studied. However, the proportionality 

coefficient, k2, varied significantly. It was suggested that 

information about the material/solvent interactions is possibly 

incorporated in k2 (eqn. 3.2). 

3.3.2 Solvent evaporation and solute diffusivity. 

In early attempts to model the spin-coating process the solvent 

evaporation was neglected, [2-8] which led to models that were less 

consistent with experimental observations compared to more recent 
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models that incorporate a wider range of parameters. [9-14] Solvent 

evaporation changes the physical and thus the rheological properties 

of the solution during the coating process, especially if the latent 

heat of evaporation of the solvent is large. This can decrease the 

temperature (chilling) causing the solution properties to change 

(e.g. solvent volatility) and induce non-Newtonian behaviour such 

as elasticity and shear thinning. Chen [18] has studied the effect of 

solvent evaporation on spin-coating of polymer solutions. The 

effect of heat transfer in addition to momentum transfer (fluid flow) 

and mass transfer (solvent evaporation) was included. The film 

thickness was quantitatively correlated with the relative rate of 

solvent evaporation, the solution viscosity, and the angular velocity 

for a variety of solvents with significantly different volatility. 

Lawrence [14] challenged the conclusions made by Chen including 

solute diffusivity. Meyerhofer [2] found the viscosity of many 

solutions that he studied to be a power law function of the 

concentration. 

Many works described in the literature qualitatively relate 

polymer film thickness with the volatility of the solvent. [18,20] 

Highly volatile solvents yield thicker films at a given polymer 

concentration and initial viscosity compared to low volatility 

solvents. 

To determine the most suitable model for representing the thickness 

of our spin coated rotaxane thin films we assume that the solution 

acetone-rotaxane behaves as a newtonian fluid (since the acetone is 

highly volatile) and the rotaxane film thickness to be a power law of 

the concentration and spin speed. We estimate the empirical 

parameters and then compare them with those found in literature. 

We have considered the phenomenological equation: [9] 
βαωCKh f 0=                                            (3.3) 

where hf is the film thickness in nanometer; K0, α, and β are constant 

depending on the system (acetone – rotaxane) and the experimental 
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conditions; ω is the spinning speed (in revolutions per min); C0 the 

initial concentration of the solution (in g/l). In this work we 

measure the film thickness with AFM changing systematically, the 

concentration and the spinning speed. 

3.4 Experimental section 

Thin films were prepared by spin coating using highly pyrolitic 

graphite (HOPG). The area of HOPG is always 10mm X 10mm. 

The thickness was measured by scraping the film out of the surface 

with an AFM tip operated in contact mode and applying a sufficient 

force (2-5nN). Subsequently, we imaged in non contact mode a 

large area including the scraped area. From a linear profile on the 

topography image, we get the thickness of our samples (Figure 3.3). 

For every sample we have measured the thickness at four different 

area and found the values very similar in one sample. This confirms 

the homogeneity in thickness. We have investigated five samples 

for each single parameter. The topography images of other areas of 

the same sample show that films are homogeneous (Figure 3.4). 

We have studied the effect of the change in concentration at (1000, 

1500, 2000, 3000) rpm respectively and consequently change in 

spinning speed at concentration (0,166; 0,25; 0,5; 0,75; 1) g/l. The 

volume of material cast every time is constant and the spinning time 

10s. During all the experiments the relative humidity and the 

temperature were controlled and kept constant. 
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Figure 3.3 AFM images enclosing the scraped area with a line AB (left) whose profile 
is shown in the right image. The difference between the average height on the regions 
A and B gives film thickness hf = ∆ZAB ≈ 3nm.  

Figure 3.4 AFM topography image showing the typical morphology of a sample 
obtained for state the spin conditions. The film is rather homogeneous with a thickness 
of 3 ± 0,3nm and a r.m.s. around 1 nm. 

3.5 Results and discussion 

In Figure 3.5 film thickness hf is plotted vs spin speed ω, while in 

Figure 3.6 hf is plotted vs concentration (C0) The results show that 

the film thickness decreases by decreasing the initial solution 

concentration or by increasing the spinning speed as predicted by 
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the models. The parameters α and β were calculated plotting 

thickness vs the concentration and then vs the spinning speed on 

logarithm scale. We have extracted four values of α shown in table 

3.1 and six values of β shown in table 3.2, then we have taken the 

mean of each series (α = 0,61 and β = - 0,17) as representative 

results. The values were normalised to K since it encloses solvent 

and substrate physical parameters. 

 
Figure 3.5 Dependence of film thickness vs spinning speed at five concentrations. 
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Figure 3.6 Dependence of film thickness vs initial rotaxane concentration at four 
spinning speeds  

Figure 3.7 Log-Log plot of film thickness versus concentration for one speed 
(2000rpm), gives value of α ( 0,614). 
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Figure 3.8 Log-Log plot of film thickness vs spinning speed gives one value of β (-
0.33963) 

Table 3.1 
Concentration β Error  

0,085 -0,11 ± 0,21 
0,166 -0,07 ± 0,12 
0,25 -0,15 ± 0,20 
0,5 -0,34 ± 0,12 
0,75 -0,11 ± 0,19 

1 -0,02 ± 0,25 
Mean value -0,17 ± 0,57 

 
Table 3.2 

Rpm α Error 

1000 0,55 ±0,09 

1500 0,64 ± 0,05 

2000 0,62 ± 0,04 

3000 0,50 ± 0,08 

Mean value 0,61 ± 0,03 
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Figure 3.9-Thickness normalized vs spinning speed and concentration. 

3.6 Conclusion 

We have calculated the empirical parameters (α=0,61 and β = -

0,17) that allows us to estimate the thickness of the rotaxane thin 

film from an acetone solution. The graphs normalised of the 

thickness versus concentration and versus spin speed is based on the 

equations of Emslie and co-workers using the values of parameters 

that we have calculated. The curves show the same trend as 

Meyerhofer found for photoresists thin films [63] if we assume the 

solutions are very diluted. The outcome of the spin-coating process 

is not only influenced by the angular velocity and the physical 

properties of the solution, but, in addition, appear rather sensitive to 

parameters such as temperature, relative humidity and thermal 

surroundings for the evaporating solvent (heat transfer). Thus in 

order to perform systematic studies or reproduce rotaxane thin 

films, it is necessary to control a broad set of operational 

parameters. 
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Chapter 4 

Viscoelastic properties of rotaxanes 

4.1 Introduction  

The variation of the viscoelastic properties as the films dewet 

may also provide insight into the phenomenon of dewetting of these 

films. The material properties of samples can be investigated with 

AFM force microscopy by the force distance curves by relating the 

applied force to the depth of indentation as the tip is pushed against 

the sample. [1-5] In this chapter, we report the investigation by 

Atomic Force Microscopy (AFM) of the force curves between the 

tip and the rotaxane nanostructures. The aim is to measure the 

adhesion force and the surface energy of thin films during the 

transformation that ultimately leads to rotaxanes crystallites. 

4.2 Forces in AFM 

The knowledge of the forces acting between the tip and the 

sample is the basis of any quantitative analysis of AFM 

measurement. [6-8] In addition to the topographic measurements, 

the AFM can also provide much more information. It can record the 

amount of force sensed by the cantilever as the probe tip is brought 

close to, or even indented into a sample surface, and then pulled 

away. In Figure 4.1, examples of AFM force curves and the force 

law to interpret them are shown. This force mode can be used to 

measure the long range attractive or repulsive forces between the 

probe tip and the sample surface and to extract information on local 

chemical and mechanical properties like adhesion, elasticity and 

even thickness of adsorbed molecular layers, bond rupture lengths. 
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Force curves (force-versus-distance curve) typically show the 

deflection of the free end of the AFM cantilever as the fixed end of 

the cantilever is brought vertically towards and then away from the 

sample surface. Experimentally, this is done by applying a triangle-

wave voltage pattern to the electrodes for the z-axis scanner. This 

causes the scanner to expand and then contract in the vertical 

direction, generating relative motion between the cantilever and 

sample. The deflection of the free end of the cantilever is measured 

and plotted at many points as the z-axis scanner extends the towards 

the surface and then retracts back. By controlling the amplitude and 

frequency of the triangle-wave voltage pattern, the researcher can 

vary the distance and speed that the AFM cantilever tip travels 

during the force measurement. Measurements of cantilever 

amplitude and/or phase versus separation can provide more 

information about the details of magnetic and electric fields over 

surfaces and also provide information about viscoelastic properties 

of sample surfaces. 

Interaction forces play a very important rule in AFM imaging. 

There are three different types of interaction forces that have to be 

considered: 

A) force between the tip and the supporting surface. 

B) force between the tip and the molecules of our interest. 

C) force between the molecules and the supporting surface. 

However, to separate the contributions of these interactions forces 

in the overall interaction force is often difficult. We have acquired 

forces –distance curves prior to the measurements and we have 

adjusted load to be small as possible in order to not to deform the 

sample under the tip.  
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Figure 4.1 Examples of atomic force microscope (AFM) force curves and the 

force laws used to interpret them. (a) An ideal, attractive, van der Waals force in the 

absence of other forces. (b) Repulsive electrostatic double-layer force in solution (c) 

Polymer-brushing forces that result from the thermally driven motion of polymers 

grafted onto a solid surface in solution. (d) Indentation curve on an elastic sample; (e) 

Adhesion between a sphere and a plane in the absence of contaminating adsorbates 

(typically in a vacuum). (f) Capillary adhesion, results from the formation of a water 

bridge between the tip and sample. (g) Polymer-extension force curves show a 

characteristic negative deflection far from the surface and a jump back to zero 

deflection as the polymer breaks or detaches from one of the surfaces (h) The 

unbinding of specific receptor–ligand pairs sometimes produces a stepwise return to 

zero deflection from the point of maximal adhesion. (adapted from [8]) 
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4.3 Force Curves measurements 

A plot of a force interaction between the tip mounted on a 

cantilever beam and the substrate as a function of the Z 

displacement constitutes a force curve The force curve (f(Z) Vs Z) is 

given by Hooke’s law  

ZKFZ ∆∗=  

Z is the piezo displacement, ∆Z is the deflection of the cantilever, K 

the spring constant defection of the cantilever and it is assumed that 

∆ (Z→∞) = 0 

Forces-distance curves provide information on repulsion, 

attraction and adhesion between the tip and the sample surface. In 

Figure 4.1, at left we illustrated a force-curve measurement and at 

right, the movements of the tip and deformation of the cantilever 

during a measurement. In the following, we will present how to 

extract information from the force-curve. 

 

 
 
Figure 4.2 Illustration of a force-curve plot. 
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 ‘a’ The piezo extends; the tip approaches the surface and there is 

no contact with the surface yet. In this region, if the cantilever 

feels a long-range attractive (or repulsive) force it will deflect 

downwards (or upwards) before making contact with the 

surface. 

‘b ’ as the probe tip is brought closer to the surface, it may “jump to 

contact” if the gradient of attractive force from the sample 

exceeds the spring constant of the cantilever. The “jump to 

contact” force represents the maximum attractive force that can 

be probed. 

‘c’ Once the tip is in contact with the surface, the cantilever will 

deflect upwards as it is pushed closer towards the sample this 

region is dominated by repulsive forces. If the cantilever is 

sufficiently stiff, the probe tip may indent into the surface at this 

point. The slope or shape of the contact part of the force curve 

provides information about the compliance of the sample 

surface. 

‘d’  Piezo retracts; first repulsive forces are decreased and the 

cantilever relaxes downward. As the “zero” force line is crossed, 

the attractive forces become dominant, bending the cantilever 

downwards. 

‘e’  The cantilever bends downwards as the surface attraction holds 

into the tip. 

‘f’  As the tip continues its ascend, it finally breaks free of surface 

attraction due to adhesion force and the cantilever jumps out 

abruptly from the contact as the maximum adhesion force is 

reached. 

A key measurement of the AFM force curve is the point at which 

the adhesion is broken and the cantilever comes free from the 

surface. This jump in deflection is the rupture force required to 

break the bond between tip and sample or adhesion force. 
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4.4 Theoretical considerations 

Adhesion forces between solids particles: JKR theory 

One of the first attempts at a rigorous theoretical treatment of the 

adhesion of elastic spheres is due to Johnson, Kendall and Roberts, 

whose theory, “JKR theory” [9] forms the basis of modern theories 

of adhesion mechanics. JKR theory states that as two elastic spheres 

whose radii are R1 and R2, are pressed together under an external 

load force F, the radius of their area of contact is given by: 

[ ]))3(6(3 2
121212

3 RWFRWRWF
K

R
a πππ +++×=                          4.1 

where  
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RR
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= ,                                                  4.2 

W12 is the surface energy per unit area  
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4
21 kkK += π                                                       4.3 

with k1, k2 elastic constants of the two spheres 
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Figure 4.3 Schematic representation of the tip-cantilever system in AFM 

 

For a sphere (tip) on a flat surface of the same material, (R2=∞) 

then R = R1. 

Under zero external load force F = 0, the contact radius is ao and 

given by  

3 123 12
0

12
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R
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γππ
==                                        4.4 

where 

 γ12 is Surface energy 

The solids still adhere under negative load (F < 0) until at some 

critical force and the surface suddenly jump apart. 

For a sphere on a flat surface this “pull-off” force is given by  

RFadh 123πγ−=                                            4.5 
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and the separation occurs abruptly once the contact radius reaches 

as=a0/4
1/3 = 0,63a0                                                 (4.5) 

4.5 Experimental section 

The samples were prepared by spin coating of 20ml of the 

rotaxane 1 0,5g/l in acetone, spun at 1500 rpm for 15s. The 

substrate is fresly cleaved highly oriented pyrolitic graphite 

(HOPG) 10 mm X 10 mm, cleaned by exfoliation.  

The topography was first investigated every time by AFM in non 

contact mode and the we switched to contact mode and performed 

the force-distance curves measurements. Upon annealing, the 

measurements were repeated successively. The relative humidity 

during the whole experiment was kept at 46%.  

The radius of the tip measured by a scanning  electron microscopy 

(SEM) was found to be 75nm. They is no specific preparation for 

the tip but we need to calibrate it before starting the measurements . 

4.6 Results and discussion 

In this experiment the films recrystallise by two different routes: 

1) Nucleation and growth of holes  

2) Ostwald ripening.  

We performed the measurements in the two situations and the 

results are presented here. 

4.6.1 Recrystallisation by nucleation and growth of holes 

In Figure 4.5 we report a plot of the evolution of the surface 

energy during the recrystallisation process as obtained by the 

measurements of  the adhesion force. The energy is almost constant 

during the whole experiment. The error bars are very large and this 
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could due to the fact that we performed experiment in air. The 

initial film presents small holes that grow with the annealing time 

(90°C). Figure 4.6. shows the AFM images of the samples 

investigated. 
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Figure 4.5 Plot of the variation of the surface energy of rotaxane 1 thin film with the 

annealing time according to nucleation and growth of holes mechanism as shown in 

figure 4.6.. 

 

 

Figure 4.6 AFM images showing the morphology of the films during the annealing 

process .The corresponding adhesion force was previously shown in figure 4.5. The 

images show a dewetting by nucleation and growth of holes. The initial film thickness 

is around 25nm. Up to 50 min annealing time, they were no morphological changes on 

the topographic images. 
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4.6.2 Recrystallisation by Ostwald ripening 

We observed that the films dewet and recrystallise by Ostwald 

ripening mechanism as already shown in chapter 2, the film first 

dewets from the substrate to form nanosized droplets whose 

ripening gives rise to spatially correlated motives. In a later stage, 

the larger droplets nucleate and coalesce into crystallites that further 

grow into larger crystals by incorporating the surrounding droplets. 

We have extracted the adhesion force of the nanodots and the 

crystal in every sample after many annealing time intervals 

throughout the whole experiment. The adhesion force or energy of 

the nanodots turns out to be higher than that of the crystals. This 

confirms the stability of the crystal which is growing at the expense 

of the nanodots. Figure 4.7 shows the trend of the surface energy 

during the annealing process and the corresponding morphology of 

the samples (viz AFM) is shown figure 4.8. 

 

Figure 4.7 plot showing the variation of the surface energy of the rotaxane 1 with the 

annealing, according to the Oswald ripening mechanism, as shown in Figure 4.8. 
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Figure 4.8 AFM image showing the topography of the samples. In this case the 

recrystallization occurs by Ostwald ripening. The corresponding surface energy versus 

annealing time was shown previously in figure 4.7. 

4.6.3 Comparison of Surface Energies by three methods 

We have compared the surface energy obtained by measuring 

the adhesion force with an AFM with those given by computational 

investigation reported in the chapter 2 and by contact angle 

measurements, performed before the annealing of the films. These 

values are summarized in the table 4.1. 

 
Table 4.1 

  
By AFM 

Computational 
investigations 

By 
Contact 
angle 

 
Nucleation 
and growth of 
holes 
(route 1) 

 
Ostwald 
ripening 
(route 2) 

 
 
111 

 
 
100 

 
 
010 

Surface 
Energy 
(J/m2) 

 
 

0,260±0,051 0,080±0.021 0,342 0,052 0,091 

 
 
 
0,025 
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4.7 Conclusions 

AFM has been used to investigate viscoelastic properties of 

rotaxanes. 

The surface energy of rotaxane thin films via nucleation and 

growth of holes exhibits significant variations as it undergoes the 

transformation from film to crystals under the influence of 

temperature. The energy landscape for route 1 is more complex 

compared to route 2. Also, the energies are an order of magnitude 

higher for route 1. For route 2, the droplets have slightly higher 

energy than crystallites, but eventually both attain the same energy. 

This may indicate that droplets in time crystallise, the timescale of 

this crystallisation depends on the droplets size. The measured 

values of surface energy compare well with those obtained from 

molecular mechanics simulations and contact angle measurements.  
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Chapter 5 

FET device performance, morphology and 
X-ray thin film structure of unsubstituted 

and modified Quinquethiophenes 

5.1 Introduction  

Few years ago, it has been demonstrated that field effect transistors 

(FET) fabricated with thiophene oligomers [1,2] can reach charge 

carrier mobility values in the order of 1 × 10−2 cm2/V s and Ion/Ioff 

ratios in the order of 106−107, which are in the range of the best 

values obtained so far with organic materials, when using pentacene 

thin films [3] as the active semiconductor layers. Although early 

measurements on oligothiophenes indicated that charge carrier 

mobilities should increase on increasing the oligomer size, [4,5] 

more recent experimental evidence indicates very similar mobility 

values for quater- quinque- and sexithiophenes. [1,6a] These results 

encourage investigations into thin film field-effect transistors based 

on the shorter thiophene oligomers, such as quinquethiophene (T5), 

the least investigated one, which are more soluble and, owing to 

their higher ionisation potentials [7] also less susceptible to 

oxidation. Figure 5.1 shows the quinquethiophe’s that we have 

investigated (unsubstituted quinquethiophene (T5) substituted 

quinquethiophene (T5Me), and modified quinquethiophene (T5A)). 
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Figure 5.1 Schema of unsubstituted Quinquethiophene (T5), substituted Quinquethiophene 
(T5Me) and modified Quinquethiophene (T5A). 

In the last years, it was reported that T5 exhibits a hyerarchical 

organisation across length scales with highly crystalline thin films 

characterised by high carrier mobility values [6a]. To date, no 

investigation has been carried out on the dependence of the charge 

carrier mobility of T5 with the morphology of the thin films. 

Moreover, no systematic studies have been carried out on how 

structural modifications affect the solid-state organization and the 

electrical characteristics of odd-number thiophene oligomers. 

Although remarkable improvements have recently been achieved on 

thiophene-based molecular semiconductors, from optimization of 

device and deposition conditions [5] to material design [8], to the 

synthesis of n-type [9] and ambipolar [10] semiconductors, no clear 

relationship has as yet been established between molecular structure 

and electrical performance. 

5.2 Motivations and Aim of the chapter 

The aim of this chapter is to discuss the general trends of the 

variation of the electrical properties of T5 on changing film 

deposition conditions or introducing structural modifications of the 

backbone. This work aims to contribute a rationale for the design of 

new and more performant materials and has been the subject of 

reference [11]. 
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5.3 Experimental section 

5.3.1 Material instruments and methods 

The bottom configuration FET devices used in this study is shown 

in Figure 5.2 [6], with interdigited source and drain gold contacts, 

channel width and length of 1.1 cm and 10 µm, respectively. The 

SiO2 surface was not functionalised with any primer or chemical 

treatment. The different oligomers were deposited on the channel 

region, by vacuum evaporation, at a rate of about 0.1 nm/s. Film 

thickness was measured during evaporation with a quartz thickness 

monitor and verified at the end of the process, using a mechanical 

profiler (Veeco Dektat 6M). All electrical measurements were 

performed in ambient atmosphere. All oligomers were purified by 

silicagel chromatography before use, followed by vacuum 

sublimation. X-ray diffraction (XRD) measurements were carried 

out at room temperature, using a Bragg/Brentano diffractometer 

(Philips PW1050/61-PW1710), equipped with a graphite 

monochromator in the diffracted beam, with a Cu anode as X-ray 

source. Atomic force microscopy (AFM) images were obtained 

with an atomic force microscope (Autoprobe CP Research Park 

scientific instrument) operated in air in intermittent contact mode. 

The cantilevers were silicon cantilevers (NT-NDT NSG10) with 

high reflective Au coating. The typical curvature radius of the tip 

was less than 10 nm with a typical resonant frequency of about 

255 kHz. Typical relative humidity (RH) during the measurements 

was controlled with a hygrometer (about 55%). 
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Figure 5.2 Bottom contact configuration FET with T5 thin film 

5.3.2 Results  

5.3.2.1 Structure by XRD  

The molecular structure of the oligomers used here is given in 

Figure 5.1. With respect to unsubstituted quinquethiophene (T5), 

one of the modified derivatives bears two methyl groups ( CH3) 

grafted at the external β-position (T5Me), while in the other one 

(T5A) the two terminal thiophene rings are separated from the 

internal terthiophene core by acetylenic spacers (C C ). The 

microwave-assisted synthesis, purification methodology and 

differential scanning calorimetry characteristics of these compounds 

are reported in references [6a,b]. Of the three compounds, only 

T5Me displays liquid-crystalline properties [6a,b]. 

All compounds show a remarkable ability to form highly ordered 

and crystalline thin films, as shown by the numerous intense high-

order reflections in the XRD profiles. The XRD plots of 150 nm 

thick films of the three samples, deposited at different substrate 

temperatures, are shown in Figure 5.3, Figure 5.4 and Figure 5.5.  
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Figure 5.3 XRD profile of 150 nm thick films of T5 vacuum evaporated at a substrate 
deposition temperature of 30  °C (a) and 90 °C (b).  
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Figure 5.4 XRD plots of 150 nm thick films of T5Me for substrate deposition 
temperatures of 30 °C (a) and 90 °C (b). The inset is a magnification of the region 
between 15 and 35 at the two temperatures.  
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Figure 5.5. XRD plots of 150 nm thick films of T5A for substrate deposition 
temperatures of (a) 30  C, (b) 90  C and (c) 140  C.  

 

Figure 5.3 shows the XRD patterns of two films of T5 deposited at 

30 and 90 °C. The same reflections appear in both samples, 

belonging to two distinct series of peaks with periodicities of 

1.92 nm (most intense peaks) and 2.06 nm (peaks indicated by 

asterisk), respectively, or to multiples of these values. Since the 

crystal structure previously reported for T5 [12] shows a 

monoclinic cell with an a-axis of 3.9 nm, we can assume the most 

intense peaks as being due to the h00 reflections (h even). Although 

T5 is known for its tendency to form very ordered thin films [6], 

here the presence of a population of T5 ordered in a slightly 

different way has to be assumed in order to explain all reflections. 

The presence of a polymorph with a different inclination of the 

molecules with respect to the unit cell axes can be hypothesized. As 
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shown in the figure, the effect of increasing the substrate deposition 

temperature on T5 is to increase the amount of the minor 

polymorph in the film. It is worth noting that polymorphs of the 

shorter and the longer homologues of T5, namely, quater- and 

sexithiophenes, have also been described from single crystal X-ray 

structures, only differing in the magnitude of the herringbone angle 

[13,14]. 

Comparing the peak widths of the films of T5 obtained at the 

different substrate deposition temperatures, an enlargement of the 

domain size in the h00 direction is observed. Application of 

Scherrer equation [15] allows us to estimate the size of the coherent 

domains to be 53 and 66nm for the samples prepared at 30 and 90  

°C, respectively. 

The XRD patterns of two T5Me samples deposited at different 

temperatures are shown in Figure 5.4 The most intense reflections 

appear at the same angular positions in both samples and all reveal 

a periodicity of 2.29 nm (or multiple thereof). They are likely to be 

of the h00 kind, although the fact that no single crystal or powder 

X-ray structures have been reported for this compound makes the 

assignment somewhat uncertain. Some differences in the diffraction 

profiles are appreciable for the reflections for 2θ greater than 15°. 

As reported in the inset of Figure 5.4, some reflections are splitted 

and the relative intensities in each couple is reversed in the samples 

deposited at the different temperatures. The figure shows that the 

reflections at the smaller angles are more intense in the substrate 

deposited at 30 °C. 

From the d-spacing values we assume these peaks as higher orders 

of h 0 0 type reflections. We used different experimental conditions 

to test the presence of a splitting also in the reflections for 2θ less 

than 15°, but with negative results. Therefore, the presence of a 

second polymorph can be excluded in this case. The more intense 
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reflections at 2θ > 15° for the sample obtained at 90  °C should 

instead be explained by assuming that a fraction of the sample is 

oriented in a slightly different way with respect to the substrate. In 

that case, these reflections should be indexed as h0l with a large l 

value. Thus, in the case of T5Me, the effect of increasing the 

substrate deposition temperature is to change the orientation of 

some crystalline domains with respect to the substrate. The size of 

the domains, calculated from the peak width, is not appreciably 

affected by the deposition temperature, being about 72 nm for both 

samples. 

The XRD patterns of T5A deposited at different substrate 

temperatures are reported in Figure 5.3 Contrary to T5 and T5Me, 

no changes were observed in the X-ray patterns of the films 

increasing the substrate deposition temperature up to 140 °C. The 

figure shows that for T=30, 90 and 140 °C the plots are very similar 

and consistent with highly crystalline films. The plots are 

characterized by several reflections, all corresponding to a period of 

2.39 nm (or multiple). The reflections are very sharp and it is 

possible to estimate a size of the crystalline domains of about 100 

nm. 

5.3.2.2 Morphology by AFM 

The morphology of T5 thin films was imaged by intermittent 

contact AFM. Figure 5.6 shows the AFM images of 15, 80 and 

150 nm thick films of T5 deposited at 30, 60 and 90 °C substrate 

temperatures.  
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Figure 5.6 AFM topographical images of 15, 80 and 150 nm thick films of T5 (z-scale 

is 0–180 nm, all figures have 3 µm × 3 µm size) on thermal SiO2. The films were 

grown at three different substrate deposition temperatures: 30, 60, 90 °C as indicated 

in the figure. 

Upon increasing the substrate deposition temperature there is a 

dramatic change in the morphology of the film. Figure 5.6 a–c show 

the topography of the T5 films grown at 30 °C. The morphology 

exhibits grains, homogeneously dispersed on the surface. The r.m.s. 

roughness of the surface is 16 ±2 nm, almost independent of film 

thickness and growth temperature. In the thinner films (15 and 80 

nm, corresponding to Figure 5.6a and b), the clusters appear to be 

slightly elongated. No ordered layered structure within the grains is 

observed. However, with the exception of 150 nm thick films, the 

presence of striped domains inside the clusters is evident. These 

striped domains have always the same orientation inside a cluster 
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but there is no relation among the stripes orientation of different 

clusters. The striped domains were already observed in samples 

prepared by melting-quenching processes of T5 films. [6a] Figure 

5.7 shows a zoom of the 80 nm thick film grown with a substrate 

deposition temperature of 30 °C. 

 

 

Figure 5.7 AFM topographical image of the 80 nm thick film of T5 grown at 30 °C on 
thermal SiO2. The film exhibits striped domains similar to those already observed in 
samples prepared by melting-quenching processes [6a].  

The mean diameter of the clusters, measured from the power 
spectra (Figure 5.8a), was 336 ± 20 nm. In order to investigate the 
spatial correlation of the clusters we compare the power spectral 
densities (PSD) [16] estimated from the AFM images. All films 
grown at 30 °C exhibit very similar PSD. Furthermore the PSD 
shows that the topographic fluctuations are spatially correlated.  
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Figure 5.8 Power spectral densities measured from the AFM topographic images. (a) 
Films grown at 30 °C; (b) films grown at 60 °C; (c) films grown at 90 °C. (d) Plot of 
correlation length vs. deposition temperature.  

Growing the sample at 60 °C (Figure 5.6d–f) the shape slightly 

elongates (this is more evident in the 150 nm thick sample) and the 

mean diameter, measured from the power spectra (Figure 5.8b), 

increases in the range 480 ± 20 nm, while the r.m.s. roughness 

remains almost constant (15 nm). As the thinner films (15 and 80 

nm) grown at 30 °C, those grown at 60 °C, do not exhibit an 

ordered layered structure within the grains. On the contrary, some 

clusters of the thicker film (150 mm thick) exhibit small terraces 

typical of layer-by-layer growth. Furthermore, in this film (Figure 

5.6f) the striped domains in some clusters are visible. As in the 

films grown at 30 °C, the PSD plots do not exhibit any significant 
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difference among the films with different thickness (Figure 5.8b). 

At this temperature the PSD plot shows a spatial correlation at high 

spatial frequency. 

In the films grown at 90 °C (Figure 5.6g–i), the presence of a 

terraced structure that is typical of oligothiophene crystals or 

layered thin films can be observed. The smallest step observed 

between adjacent terraces was 2.0 ± 0.2 nm, which is consistent 

with the expected height of a monolayer of T5 molecules 

(molecular length, 2.2 nm) oriented almost normal with respect to 

the substrate. The samples exhibit larger islands compared to those 

of the samples grown at lower temperature, whose size ranges from 

0.7 to 1 µm. In the films grown at 90 °C, the striped domains within 

the grains are not visible. The PSD do not exhibit strong differences 

among the different thicknesses (Figure 5.8c). However, in this 

case, the spatial correlation is not clear. 

Figure 5.8d shows the trend of autocorrelation length measured 

from PSD versus the temperature of film growth. The graph shows 

a good agreement among the correlation length at 30 and 60 °C, 

which disappears at high temperature. The plot of correlation length 

with respect to the deposition temperature (Figure 5.8d) shows that 

the surface exhibits correlation up to 60 °C. At 90 °C, the surface 

correlation is seen to disappear; further studies are required to 

investigate the cause of this behaviour. The correlation length is 

also seen to rise steadily with temperature up to 90 °C. 

5.3.2.3 Field-effect transistors 

Thin film transistors have been realized, using the three different 

materials at different substrate deposition temperatures (30, 60 and 

90 °C). The measurements were performed in air. All compounds 

showed typical p-type FET behaviour. Examples of the I–V 

characteristics of the devices are reported in Figure 5.9 (T5), Figure 

5.10 (T5Me) and Figure 5.11 (T5A).  
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Figure 5.9 Left: Plot of the drain current ID vs. drain voltage VDS at different gate 
voltages (VGS) obtained for a 150 nm thick film of T5A deposited at a substrate T of 30 
°C. Right: Semilogarithmic plot of ID vs. VGS at VDS = −10 V.  

 

 

 

Figure 5.10 Left: Plot of the drain current ID vs. drain voltage VDS at different gate 

voltages (VGS) obtained for a 80 nm thick film of T5 deposited at a substrate T of 30 

°C. Right: Semilogarithmic plot of ID vs. VGS voltage at VDS = −10V.  
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Figure 5.11 Left: Plot of the drain current ID vs. drain voltage VDS at different gate 

voltages (VGS) obtained for a 150 nm thick film of T5Me deposited at a substrate T of 

30 °C (continuous line) and at 90 °C (dotted line). Right: Semilogarithmic plot of ID 

vs. VGS at VDS = −10 V.  

 

Table 1 shows the carrier mobilities, Ion/Ioff ratios and threshold 

voltages for devices obtained with films of T5 of different 

thicknesses and deposited at different substrate temperatures. The 

values reported for carrier mobility and threshold voltage are 

obtained by drawing the square root of the saturation current (taken 

at VDS = VGS) as a function of the gate voltage. Indeed, in the 

saturation regime, the expression of the drain current can be 

simplified, assuming that dopant and carrier concentration are 

equal, as in (5.1): 

 

 
(5.1) 
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Table 5.1. Charge mobility, Ion/Ioff ratio and threshold voltage for T5 as a function of 
film thickness and substrate deposition temperature  

Substrate T 
(°C) 

 

Thickness 
(nm) 

 

Carrier mobility 
(cm2/V s) 

 

Ion/Ioff 
 

Threshold voltage 
(V) 

 

30 15 8.4 × 10−4 104 −0.05 

 80 1.7 × 10−2 103 0.8 

 150 1.8 × 10−2 103 4 

 

60 15 2.0 × 10−2 102 9 

 80 2.7 × 10−2 101 5 

 150 1.3 × 10−2 102 6 

 

90 15 9.0 × 10−3 102 3 

 80 4.9 × 10−2 101 20 

 150 7.8 × 10−2 102 23 

 

140 150 2.2 × 10−2 101 5 

In Eq. (5.1), Ci is the insulator capacitance per unit area 

(5.16 nF/cm2), W and L the channel width and length, respectively, 

and VT is the threshold voltage. From (5.1) a value for the carrier 

mobility is obtained assuming a constant mobility [17]. 

As shown in the table, the carrier mobility of T5 is always around 

10−2 cm2/V s. The only film with a lower mobility value is the 

15 nm thick one deposited at 30 °C. 

For the thicker T5 films (80 and 150 nm) we observe a slight and 

progressive increase in carrier mobility with substrate deposition 

temperature up to 7.8 × 10−2 cm2/V s, which is the highest value 



5. FET device performance, morphology and structure of Quinquethiophenes  

 99 

reported so far for this compound. The value of threshold voltage is 

near 0 V for the films deposited at room temperature (4 V for the 

thicker film) and increases with the deposition temperature, 

reaching 20 V at 90 °C. Similarly, the Ion/Ioff ratio decreases at 

higher deposition temperatures, due to the higher conduction of the 

FET device. 

Carrier mobilities, Ion/Ioff ratios and threshold voltages for 

devices obtained with 150 nm thick films of T5Me and T5A 

deposited at different temperatures, are given in Table 5.2.  

Table 2. Charge mobility, Ion/Ioff ratio and threshold voltage of T5Me and T5A as a 
function of substrate temperature  

 
Substrate T 

(°C) 
 

Carrier mobility 
(cm2/V s) 

 

Ion/Ioff 
 

Threshold voltage 
(V) 

 

T5Me 30 7.5 × 10−4 102 −5 

 60 1.6 × 10−3 102 −5 

 90 9.2 × 10−3 103 −5 

 

T5A 30 4 × 10−6 101  

 60 9 × 10−6 101  

 90 2 × 10−5 102  

 140 8 × 10−4 101  

Film thickness is 150 nm. 

Both compounds display much lower charge mobilities than T5, 

with a trend towards higher mobilities on increasing the substrate 

deposition temperature, more accentuated than in T5. 

We can observe that the introduction of structural modification in 

the aromatic backbone affects the carrier mobility of the material. 

In particular, introducing two methyl groups at the β-terminal 
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positions, the carrier mobility is two orders of magnitude smaller 

than that of T5, while introducing acetilenic spacers lowers the 

carrier mobility of almost four orders of magnitude. Moreover, 

Table 5.2 shows that the threshold voltage of T5Me does not 

change with temperature. 

5.4 Discussion and conclusion 

It is well known that the vacuum evaporated thin films of thiophene 

oligomers tend to orient with the long axis perpendicular to the 

substrate, with a tilt angle with respect to the normal, which 

depends on the molecular structure and deposition conditions and 

that charge transport occurs preferentially in plane [1,2,6,18]. 

XRD and AFM measurements performed on T5 offer a key to 

interpreting the trend of variation of the electrical characteristics of 

the FET devices on increasing the substrate deposition temperature 

of the active layers. 

First of all, the AFM image reported in Figure 6.a indicates that the 

low carrier mobility (8.4 × 10−4 cm2/V s) of the 15 nm thick film of 

T5 grown at a substrate deposition temperature of 30 °C is due to an 

incomplete surface coverage. For all the other films the carrier 

mobility varies in the range 1 × 10−2 to 8 × 10−2 cm2/V s, the 

highest value being that of the 150 nm thick film grown at 90 °C. 

For this film, the AFM image shows the presence of a terraced 

structure typical of layered thin films, with the smallest step 

between adjacent terraces being consistent with the height of a 

monolayer of T5 molecules almost upright to the substrate. The fact 

that the film displays a mobility value of 8 × 10−2 cm2/V s, the 

highest reported so far for T5, suggests that also the few first layers 

of the film are organized in the same way. Indeed, it has been 

demonstrated that in sexithiophene the charge mobility is controlled 

by the first two monolayers. [15b] However, since in bottom 

contact FETs the carrier injection is limited to thin lines along the 
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edges of the contacts, it cannot be excluded that a further 

contribution to the charge mobility of the film also comes from the 

presence of larger crystalline domains (as indicated both by XRD 

and AFM), which allow a more efficient carrier injection and 

smaller contact resistance. 

We relate the increase of “off” currents observed in T5 FET devices 

(Table 5.1), on increasing the substrate deposition temperature, to 

the increase in the amount of a second crystalline form of T5, 

revealed by XRD of thin films deposited at the same temperatures. 

As shown in Table 1, the presence of a second polymorph has only 

a small effect on the carrier mobility of T5. However, the growth of 

the amount of the minority polymorph of T5 on increasing the 

substrate deposition temperature reduces the degree of order in the 

film and hence increases the density of structural defects acting as 

traps in the device. The presence of the traps comes out from the 

analysis of the threshold voltage values (VT) of the devices. Indeed, 

as the oligomer is undoped, the shift of VT from 0 V towards more 

positive values can be ascribed to charged defects at the oligomer–

SiO2 interface. Table 5.1 shows that for the film deposited at room 

temperature, VT is closed to 0 V (4 V for the thicker film) indicating 

that both the oxide and the oligomer are relatively free of charge 

defects, while VT values increase up to 20 V for deposition at 90 °C. 

Moreover, the shift of VT towards large positive values is strictly 

related to the lowering of the Ion/Ioff ratio, which is due to the higher 

conduction of the device. It is worth noting that it has recently been 

demonstrated that carrier transport in thiophene oligomers is traps 

dominated [2]. 

Despite the fact that the electronic structure of the frontier orbitals 

of T5Me and T5A are very similar to those of T5 [6] and despite the 

highly crystalline nature and larger domains size of their thin films, 

as determined by XRD, their carrier mobilities are lower than that 

of T5 by several orders of magnitude (Table 5.2). The increase of 



5. FET device performance, morphology and structure of Quinquethiophenes  
 

 102

the deposition temperature causes much larger increases in the 

carrier mobilities of these compounds. 

Also in the case of T5Me, XRD data offer a clue to understand the 

electrical behaviour of the FET device. XRD data show indeed that 

the increase in deposition temperature causes the reorientation of 

some crystalline domains. The rearrangement of the material with 

the deposition temperature is accompanied by a marked increase in 

the carrier mobility. On the contrary, the threshold voltage is not 

affected by the temperature, indicating that in the film the 

temperature change does not cause the increase of charge traps. On 

the basis of these data, one can infer that the increase in the 

deposition temperature leads to a more homogeneous alignment and 

a better stacking of the T5Me molecules with respect to the 

substrate, thus favouring the carrier mobility. 

Probably, this is also the reason why we observe the increase in the 

carrier mobility with the substrate temperature in T5A. However, in 

this case, no indications come from XRD plots, which remain the 

same even at 140 °C. Also, the domain size, around 100 nm as 

measured by XRD, much larger than that of T5 and T5Me, does not 

show any variation with temperature. Since, the low carrier 

mobilities measured for this compound cannot be ascribed to the 

lack of film crystallinity or to the smaller size of crystalline 

domains, other factors, such as a poor overlap of the electronic 

wave functions within the transport layer, related to a looser 

packing caused by the different molecular shape (Figure 5.1), have 

to be invoked. An indication in this direction comes from the 

photoluminescence quantum yield of T5A, which is roughly one 

order of magnitude greater than that of T5. In thiophene oligomers 

the photoluminescence in the solid state is generally very low 

owing to the close molecular packing. Work is currently in progress 

to elucidate this point. 
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In conclusion, our data show that in T5 the presence of a second 

polymorph leads to a remarkable decrease of the Ion/Ioff values, 

whereas it does not affect the carrier mobility values. Substitution 

of methyl groups at the terminal positions, as in T5Me, or the 

introduction of acetilenic spacers, as in T5A, prevents the formation 

of polymorphs but leads to a remarkable decrease in carrier 

mobility. In the case of T5Me, XRD data indicate that the increase 

in the substrate deposition temperature affects the orientation of the 

crystalline domains with respect to the substrate, in a direction that 

is favourable to the increase of carrier mobility. These data suggest 

that the good results achieved with oligothiophenes terminated by 

long alkyl chains [1] are related both to the absence of polymorphs 

and to the homogeneous orientation of the crystalline domains with 

respect to the substrate. 

We believe that systematic electrical characterization of libraries of 

purposely synthesized molecules, paralleled by thin film XRD and 

AFM measurements, will allow the different factors contributing to 

charge transport, from the energy of HOMO and LUMO frontier 

orbitals to crystalline domains size and orientation to intermolecular 

overlap of the electronic wave functions - to be disentangled. In this 

way, it will be possible to establish the molecular 

structure/electrical properties relationships that will allow the 

rationale design of better performing materials.  
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Appendix 

Atomic Force Microscopy (AFM)  

Figure A.1 shows the scanning probe microscope we have used to 

investigate the topography of samples. The instrument was built by 

the CP research and it can work very well both as AFM and as 

STM. 

 

Figure A.1. Schematic representation of the Autoprobe SPM of the CP research. 

Atomic force microscopy was first implemented in 1986 with the 

goal of overcoming the STM limitation of imaging only 

conductive samples. The principle is thus not related to the 

measurement of a tunneling current, but of the probe-sample 

interactions. The idea is to use a tip attached to the end of a 

cantilever with elastic constant K, and measure the tip-sample 

forces by the cantilever deflection, which are related, according to 

Hooke’s law, by 
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ZKFZ ∆∗=                                        (A.1) 

The same relation applies for the x direction if the force on the 

tip has also a component along the surface plane. There are various 

detection systems for the cantilever deflection, [1] but the most 

common one is the optical beam deflection method shown in Figure 

A.2. In this system, a laser beam is focused on the cantilever and 

reflected towards a position-sensitive photodiode. Initially the 

reflection is centred with respect to the photodiode, but as soon as 

the cantilever is deflected by the tip-sample forces, the reflection on 

the photodiode is displaced. Normal forces bend the cantilever in 

the z direction, while the main effect of lateral forces is the torsion 

of the cantilever, leading to displacements of the reflection in the 

vertical and horizontal directions, respectively. The photodiode is 

divided into four independent parts (sectors A, B, C and D as shown 

in Figure A.2). 

 

Figure A.2 Schematic description of the detection system of the cantilever deflection 

Each of them generates a voltage proportional to the total 

intensity it receives, and the displacements of the reflected beam on 

the photodiode are quantified by measuring the changes in the 

relative voltages of the four sectors. Thus, normal forces are related 

to the signal  
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)()( DcBAz VVVVV +−+=                                    (A.2) 

and lateral forces to the signal. 

)()( DBCAX VVVVV +−+=                                   (A.3) 

The calibration to correlate the measured signals to the tip 

displacements ∆z and ∆x, or to the tip-sample forces by applying 

Hooke’s law, depends on the cantilever and tip characteristics 

(dimensions, Young modulus) and thus has to be performed for 

every different tip. [1]
 
 

The general behaviour of the tip-sample forces versus distance is 

shown in Figure A.3. 

 

Figure A.3 Tip.sample force vs distance. 

The Figure A.3 is the plot of the non monotonic behaviour of the 

forces versus distance with contributions of long range attractive 

interactions and short range repulsive interactions. This presents an 

additional complication inherent to AFM, since a stable feedback is 

only possible on a monotonic subbranch of the feedback signal. 

The AFM measurements can be performed in different modes, 

which can be classified into the contact mode and the dynamic 

modes. 
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a. Contact mode  

In the contact-mode, the tip is brought in contact with the surface 

and the tip-sample interaction forces are measured recording the 

cantilever deflection. At this point, many different interaction forces 

contribute to the deflection. Among them, there are long range Van 

der Waals or electrostatic forces, short range repulsive forces due to 

the overlap of tip and sample electronic orbitals, or adhesion forces. 

The adhesion forces depend on the contact area, which in turn 

depends on the tip radius and the stiffness of probe and sample. 

Furthermore, adhesion is greatly enhanced in presence of water 

adsorbed on the surface, which forms meniscus bridges between tip 

and sample. This contribution, however, can be cancelled by 

performing the measurements in a liquid environment.  

In general, the topography measurements are performed by 

scanning the surface at constant force (i.e., constant cantilever 

deflection). When the tip is scanned over a bump or hollow, the tip 

will follow the surface by changing the cantilever deflection. The 

consequent change in the measured signal is used as a feedback to 

readjust the cantilever-surface distance and get back to the initial 

deflection. In this way, the recorded changes in the cantilever-

surface displacements correspond to the topography of the sample. 

Obviously, the deflection of the cantilever should be significantly 

larger than the deformation of tip and sample upon contact. To 

satisfy this, the cantilever should be softer than the interatomic 

bonds in tip and sample. Typical interatomic spring constants range 

from 10 to 100 N/m, though in biological samples they can be as 

low as 0.1 N/m. Thus, typical values for contact-mode cantilever 

spring constants are 0.01-5 N/m.  

The images of the measured topographic features are broadened 

(for protrusions) or narrowed (for hollows) by the lateral size of the 
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tip (with typical curvature radius for commercial tips from 5 to 15 

nm). This effect consequently has to be considered in the 

interpretation of images with features in the nm range. [1,3] 

Nevertheless, sub-nanometer resolution images can be obtained on 

crystalline surfaces, resolving the surface structure. This is 

explained taking into consideration the large contact area of tip and 

sample (in comparison with the crystal periodicity) and considering 

that the forces matching the surface periodicity are transmitted to 

the tip, resulting in an “averaged image” of the periodic lattice. In 

this way, small periodicities can be resolved if they extend over 

distances much larger than the contact area. 

The optical beam deflection method used for the detection of the 

cantilever deflection allows the simultaneous measurement of both 

the normal deflection and the cantilever torsion generated by lateral 

forces. It is well known that, during the lateral displacement of a 

solid over a surface, there is a force opposing to the movement. 

This force is the friction and is also present when scanning the 

surface with the tip, consequently leading to a measurable torsion of 

the cantilever. On a microscopic scale, there are many different 

processes involved in the friction, but for a thorough description of 

the underlying theory the reader is referred to references. [1,5]  

b. Dynamic modes  

In the dynamic modes the cantilever is deliberately vibrated by 

externally exciting it with an excitation amplitude Aex
 and an 

excitation frequency ω. The cantilever oscillation is characterized 

by its amplitude, the frequency, and the phase difference between 

excitation and oscillation. In order to provide an understanding of 

the fundamental concepts involved in dynamic mode AFM, the 

cantilever can be described by harmonic approximations. In the 

absence of tip-surface interactions (i.e. tip far away from the 
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surface) the movement of the tip can be considered as a forced 

harmonic oscillator with damping, thus following 

)(()()()(
.

0
..

tCosKAtKZtZ
Q

m
tZm ex ωω

−−−=                       (A.4) 

where ω =(k/m)
1/2 

is the resonance frequency of the free 

cantilever, and Q is the dimensionless quality factor related to the 

damping of the cantilever. The solution is a linear combination of a 

transient term related to the adaptation of the cantilever movement 

to the excitation frequency, and a steady-state term with constant 

frequency, amplitude and phase over time:  

)()()( 00
2/0 ϕωϕωω +++= − tCosAtSineAtZ t
Qt

t                     (A.5) 

After a time τ = 2Q/ω0 the transient term is reduced by a factor 

1/e and the motion is dominated by the steady term. If we evaluate 

now the steady solution in the differential equation, the following 

expressions are found for the amplitude and phase as a function of 

ω: 
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The corresponding diagrams of amplitude and phase vs. ω are 

shown in Figure A.4, calculated for Aex, Q and ω0 values of 10 nm, 

10 and 10 kHz respectively. From equation (A.6) it can be seen that 

the damping causes the maximal amplitude to be obtained at a 

frequency  

.
2

1
1

200 Q
−= ωω                                     (A.8) 
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However, the shift is negligible for Q values in the usual range 

of 100 or more.  

Up to now, no interaction forces have been considered. The 

simplest case would be a tip-sample force whose range of 

interaction is much larger than the oscillation amplitude and with a 

gradient with respect to the tip-sample distance which does not vary 

significantly over one oscillation cycle.  

 

Figure A.4 Amplitude and phase diagrams vs frequency for a free cantilever, 

calculated for Aex, Q and ωo value of 10nm, 10 and 10KHz repectively. 

This gradient can thus be represented by a spring constant kts 

which varies with the average tip-sample distance but is nearly 

constant within an oscillation cycle. In this case, the tip-sample 

force can be included in the movement equation (A.4) by simply 

considering a new spring constant  

Z

F
KKKK ts

tstotal ∂
∂

+=+=                                        (A.9) 

which consequently leads to a new resonance frequency shifted 

by ∆ω (neglecting the damping) at 
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A change in the resonance frequency leads to a shift of the 

curves in Figure A.4, consequently changing also the oscillation 

amplitude and phase. 

This analytic and simplified model shows qualitatively that in 

dynamic force microscopy the oscillation parameters depend on the 

force gradient, as opposed to the dependence on the force itself in 

the contact-mode, and that the tip-sample interaction influences all 

of the oscillation parameters, that is, the resonance frequency, 

amplitude and phase. However, the approximations made often do 

not hold for real  

measurements, and much more complex models and numeric 

calculations have to be developed to get quantitative agreement 

with the experiments. 

Dynamic force microscopy is performed in two different 

measurement modes: tapping mode or amplitude modulation, and 

non-contact mode or frequency modulation. Both of them have 

been used in the frame of this thesis and are briefly presented in the 

following. 

i. Tapping mode  

In this mode the cantilever is excited externally with a constant 

excitation amplitude at a constant frequency near its resonance. The 

measured signals are the oscillation amplitude and phase, and the 

former is used as feedback parameter while scanning the sample. 

The initial oscillation amplitude decreases upon reduction of the 

tip-sample distance, which is typically reduced until the amplitude 

is decreased to 40 to 90 % of its initial value. Then, while scanning 
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the surface, a feedback loop controls the cantilever-sample distance 

in order to maintain the amplitude constant. Typical oscillation 

amplitudes are in the range of 10 to 100 nm, consequently 

encountering a wide range of tip-sample interactions within each 

cycle, including both attractive as well as repulsive forces. This is 

what makes an analytical description of the processes taking place 

very difficult. Some of the models and numerical simulations 

applied to get some understanding of the tip-sample interactions can 

be found in references. [1,6,7]  

ii. Non-contact mode  

The time constant τ for the transient term in the oscillation 

amplitude to adjust to a change in the tip-sample interaction scales 

with 2Q/ωo . In vacuum, typical quality factors are in the range of 

10000, making the data acquisition in the tapping mode (with the 

amplitude as feedback parameter) too slow for vacuum 

applications. Albrecht et al. developed in 1991 the non-contact 

measurement mode, where the change in frequency settles on a 

time-scale of 1/ωo thus overcoming this problem. [8] Its working 

principle is as follows: the cantilever is excited and the oscillation 

parameters recorded. These are in turn used in a feedback loop to 

control the excitation signal in such a way that the excitation is with 

the same frequency but phase-shifted by 90 degrees (therefore 

exciting in resonance) and with a variable excitation amplitude that 

keeps the oscillation amplitude constant. Consequently, the only 

degree of freedom left for the cantilever to adjust to a changing tip-

sample interaction is a change of its resonance frequency. This 

signal is used in a second feedback loop to adjust the cantilever-

surface distance while scanning the surface and keeping a constant 

oscillation frequency. Despite the fact that there is no tip-surface 

mechanical contact while measuring, upon the appropriate choice of 

the experimental parameters, the tip-sample interactions can include  
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contributions of short-range forces when the tip is closest to the 

surface. This in turn allows obtaining images with atomic resolution 

and corrugations in the same order of magnitude as for STM. 

imaging. [1,9] The excitation amplitude necessary to keep the 

oscillation amplitude constant is simultaneously recorded and is 

directly related to the energy dissipation within one oscillation 

cycle. This, together with maps of the averaged tunneling current 

for the oscillating tips, or frequency shift vs. cantilever-surface 

distance curves, are additional data available with non-contact 

AFM, which are related to different material properties. However, 

these kinds of measurements have not been used in this thesis and 

their description can be found elsewhere. [1,9] 
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