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Abstract 

Carbon-based (nano)electronics, utilising the outstanding electronic properties of graphene, 

serve as a promising approach in overcoming the limitations of silicon-based electronics, 

thereby aiding the development of innovative future electronic devices. In this regard, the 

supramolecular self-assembly is a well-established procedure for the bottom-up fabrication of 

low-dimensional nanostructures and adsorbates from molecular units, as it can easily be 

directed via the programmable, non-covalent interactions. However, a deeper insight reveals 

the expensive and technically demanding side of the related, commonly used standard 

technologies, thus limiting their applicability in the large-scale production of electronic devices.   

Keeping in mind the above limitations, an alternative deposition approach was developed, 

termed as the “Organic Solid-Solid Wetting Deposition” (OSWD). For this, the underlying, 

basic solid-solid wetting phenomenon occurs at the solid-solid interface and generates 

supramolecular adsorbate structures directly from dispersed three-dimensional (3D) organic 

semiconductor crystals, under ambient conditions and in a straightforward way. OSWD 

therefore does not require dissolving, melting or evaporation of the source crystals and thus 

presents itself as a highly promising approach for various research and technology fields.  

However, the start of the current work saw a lack in profound understanding of the physico-

chemical basis of the OSWD process, preventing thus the broader development of ways of 

catalysing the basic effect. This hence made it impossible to assess the potentials of the OSWD 

technology, especially when it comes to the area of carbon-based electronics. In order to explore 

these basics, model systems were investigated in ceteris paribus approaches. These model 

systems were composed out of several substrate materials (highly oriented pyrolytic graphite 

(HOPG), carbon nanotubes, graphene, and molybdenum disulphide (MoS2)), varying aqueous 

and organic dispersing agents, and of one of two different organic semi-conductive pigments 

(gamma quinacridone and dimethylquinacridone) as the active phases.  

The experimental analysis of the model systems was done using Scanning Tunneling 

Microscopy (STM), Scanning Tunneling Spectroscopy (STS), Raman spectroscopy, Scanning 

Electron Microscopy (SEM), and by analysing the particle size, the zeta potential, and the 

corresponding pH values. Additional insights into the basis of the OSWD were gained using 

theoretical approaches, as via force field calculations and refined DLVO simulations.  
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The findings and results of the present dissertation could be briefly summarized as follows: 

 Up to temperatures of at least 160 °C, the adsorbate layer generated via OSWD shows 

a distinct domain structure and fragmentary coverage, due to limited surface diffusion 

and the binding energy anisotropy of the 3D semiconductor crystals. From 240 °C, 

however, a large-scale, homogeneous, and continuous monolayer is formed. In addition, 

the supramolecular adsorbates generated are thermally stable up to at least 300 °C, 

temporally stable for at least 36 days, and resistant to humidity and water. 

 A fundamental model has been proposed which reveals that the OSWD process is 

governed by a complex balance of physico-chemical interactions between various 

components in the system. As a result, a semiconductor crystal approaching a substrate 

undergoes various sub-processes that significantly affect the OSWD. The catalysing 

effect of the dispersing agent is largely determined by the electrical double layer forces, 

including the so-called Casimir-like fluctuation-induced forces. These forces can be 

quantified using the zeta potential. In addition, a direct physical contact between 

semiconductor crystal and substrate is essential for triggering the OSWD, which is 

facilitated in particular by the effect of dewetting in hydrophobic nano-confinement.  

 Based on the gained deeper understanding of OSWD, insoluble organic semiconductors 

can now be processed using new organic or aqueous dispersing agents, significantly 

reducing the production costs of the technology. In addition, the adsorbate layer design 

and surface coverage (the latter between 0.3 and 98 %) can now be globally controlled. 

This is realized by the variety of suitable dispersing agents, additives such as salts, acids, 

bases, as well as advanced sample preparation and post-processing techniques. The 

OSWD approach is thus characterized by its eco-friendliness, free scalability and large-

scale feasibility, thus demonstrating its competitiveness vis-à-vis standard technologies. 

 As a brief outlook, the various possibilities for triggering and controlling the OSWD 

identified in this dissertation open the way for the application of the approach to 

different processing technologies such as inkjet-printing, drop-casting or spin-coating. 

Further, the STM and STS analysis clearly showed that graphene can be chemically 

doped via OSWD. This paves the way for future bandgap engineering of graphene. In 

addition, there is clear application potential for advanced electrical devices based on 

pigment-functionalized graphene, such as printed and flexible carbon-based electronics.  
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Zusammenfassung 

Die kohlenstoffbasierte (Nano-) Elektronik nutzt die herausragenden Eigenschaften des 

Graphens aus und präsentiert sich deshalb als ein sehr vielversprechenden Ansatz, um die 

Grenzen der siliziumbasierten Elektronik zu überwinden und um innovative und 

zukunftsträchtige elektronische Geräte zu entwickeln. Vor diesem Hintergrund stellt die 

supramolekulare Selbstassemblierung ein etabliertes Verfahren zur Bottom-up Herstellung von 

niedrigdimensionalen Nanostrukturen und Adsorbaten aus molekularen Einheiten dar, da diese 

mithilfe programmierbarer nichtkovalenter Wechselwirkungen leicht gesteuert werden kann. 

Bei näherer Betrachtung entpuppen sich die in diesem Kontext gemeinhin verwendeten 

Standardtechnologien allerdings als teuer und technisch aufwendig, was deren Anwendbarkeit 

für die großtechnische Herstellung von elektronischen Geräten stark einschränkt.   

In Anbetracht der oben genannten Beschränkungen wurde eine neue Depositionsmethode 

entwickelt, die den Namen „Organic Solid-Solid Wetting Deposition“ (OSWD) erhielt. Das 

zugrundeliegende, fundamentale Phänomen der Festphasenbenetzung tritt an der fest/fest 

Grenzfläche auf und erzeugt supramolekulare Adsorbatstrukturen direkt aus dispergierten 

dreidimensionalen (3D) organischen Halbleiterkristallen, und das unter Umgebungs-

bedingungen und auf unkomplizierte Art und Weise. Die OSWD erfordert daher weder das 

Auflösen, das Schmelzen, noch das Verdampfen der Ursprungskristalle, was sie zu einem 

vielversprechenden Ansatz für verschiedene Forschungs- und Technologiebereiche macht. 

Zu Beginn der vorliegenden Dissertation fehlte jedoch ein tiefgreifendes Verständnis der 

physikalisch-chemischen Grundlagen des OSWD Prozesses, was die weitere Entwicklung von 

Methoden, den grundlegenden Effekt zu katalysieren, verhinderte. Dies machte eine 

Einschätzung der Potentiale der OSWD Technologie unmöglich, insbesondere für den Bereich 

der kohlenstoffbasierten Elektronik. Um diese Grundlagen nun zu erforschen, wurden 

Modellsysteme in ceteris paribus Ansätzen untersucht. Die Modellsysteme wurden 

zusammengesetzt aus verschiedenen Substratmaterialien (in hohem Maße gerichteter 

pyrolytischer Graphit (HOPG), Kohlenstoffnanoröhrchen, Graphen und Molybdändisulfid 

(MoS2)), variierenden wässrigen und organischen Dispersionsmedien, und aus einem von zwei 

organischen, halbleitenden Pigmenten (Gammachinacridon und Dimethylchinacridon) als den 

aktiven Phasen.  
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Zur experimentellen Analyse der Modellsysteme wurden Rastertunnelmikroskopie (STM), 

Rastertunnelspektroskopie (STS), Raman-Spektroskopie und Rasterelektronenmikroskopie 

verwendet und darüber hinaus wurden die Partikelgröße, das Zetapotential und der pH-Wert 

analysiert. Zusätzliche Erkenntnisse über die Grundlagen der OSWD wurden mithilfe 

theoretischer Methoden wie z.B. durch Kraftfeldrechnungen und weiterentwickelte DLVO 

Simulationen gewonnen.  

Eine kurze Zusammenfassung der Erkenntnisse und Ergebnisse der vorliegenden Dissertation: 

 Bis zu Temperaturen von mindestens 160 °C weist die mittels OSWD erzeugte 

Adsorbatschicht eine ausgeprägte Domänenstruktur und eine nur partielle Bedeckung 

auf, die ihre Ursache in der limitierten Oberflächendiffusion und der Anisotropie der 

Bindungsenergie der 3D Halbleiterkristalle hat. Ab 240 °C bildet sich jedoch eine 

großflächige, homogene und lückenlose Monoschicht. Darüber hinaus sind die 

erzeugten supramolekularen Adsorbate temperaturbeständig bis mindestens 300 °C, 

mindestens 36 Tage lagerstabil, sowie feuchtigkeits- und wasserbeständig. 

 Ein fundamentales Modell wurde vorgeschlagen, das zeigt, dass der OSWD-Prozess 

abhängig ist von einem komplexen Gleichgewicht physikalisch-chemischer 

Wechselwirkungen zwischen verschiedenen Komponenten im System. Infolgedessen 

durchläuft ein Halbleiterkristall, der sich einem Substrat nähert, verschiedene 

Teilprozesse, die die OSWD maßgeblich beeinflussen. Die katalytische Wirkung des 

Dispersionsmediums wird dabei maßgeblich von den elektrischen Doppelschichtkräften 

bestimmt, einschließlich der sogenannten Casimir-ähnlichen fluktuationsinduzierten 

Kräfte. Diese Kräfte lassen sich anhand des Zetapotentials quantifizieren. Für das 

Auslösen der OSWD ist darüber hinaus ein direkter physischer Kontakt zwischen 

Halbleiterkristall und Substrat essentiell, welcher insbesondere durch den Effekt der 

Entnetzung in einem hydrophoben und örtlich im Nanometerbereich begrenzten Raum 

ermöglicht wird. 

 Auf der Grundlage des gewonnenen tieferen Verständnisses von der OSWD können jetzt 

unlösliche organische Halbleiter mithilfe neuer organischer oder wässriger 

Dispersionsmedien verarbeitet werden, wodurch sich die Produktionskosten der 

Technologie deutlich reduzieren. Darüber hinaus können das Adsorbatschichtdesign 

und die Oberflächenbedeckung (letztere zwischen 0,3 und 98 %) jetzt auch global 
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gesteuert werden. Dies wird ermöglicht durch die Vielzahl an geeigneten 

Dispersionsmedien, Additiven wie Salze, Säuren, Basen, sowie fortschrittlichen 

Probenvorbereitungs- und Nachbearbeitungstechniken. Die OSWD-Methode zeichnet 

sich somit durch ihre Umweltfreundlichkeit, eine freie Skalierbarkeit und 

großtechnische Umsetzbarkeit aus, und demonstriert damit ihre Wettbewerbsfähigkeit 

gegenüber den Standardtechnologien.   

 Perspektivisch gestatten die in dieser Dissertation identifizierten vielfältigen 

Möglichkeiten zur Auslösung und Steuerung der OSWD die Verwendung der Methode 

in verschiedenen Verarbeitungstechnologien wie Tintenstrahldruck, Fallguss oder 

Rotationsbeschichtung. Darüber hinaus zeigten die STM- und STS-Analysen deutlich, 

dass Graphen mithilfe der OSWD chemisch dotiert werden kann. Dies ebnet den Weg 

für ein zukünftiges Bandgap Engineering von Graphen. Überdies ergibt sich ein 

deutliches Anwendungspotential für fortschrittliche elektrische Bauteile auf Basis von 

pigmentfunktionalisiertem Graphen und damit beispielsweise im Bereich der 

gedruckten und flexiblen kohlenstoffbasierten Elektronik.  
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1. Introduction 

1.1. Carbon-based Electronics 

More than a decade ago, it became evident that the miniaturisation of silicon-based 

electronics is limited and that it will soon reach its termination [1-2]. Consequently, numerous 

scientists began exploring the prospects of carbon-based (nano)electronics, to utilise the 

outstanding electronic properties of graphene, and thus to enhance the performance of existing 

and for the development of future electronic devices (like the flexible or inkjet-printed 

electronics) [2-10]. However, a deeper insight revealed the production of functional nano-

systems, like the nanoscale transistors, to be quite a challenging task [10-14]. Nonetheless, for 

the fabrication of essential semi-conductive sub-regions, a promising approach that came 

forward was providing a bandgap to the graphene substrate, by covering it with a monolayer of 

an organic semiconductor [6-8].  

An established way to achieve such a monolayer is by utilizing the procedure of 

supramolecular self-assembly. Programmable, non-covalent interactions (hydrogen bonding, 

Van-der-Waals, π–π stacking, and electrostatics) are employed in this respect for the bottom-up 

fabrication of low-dimensional nanostructures and adsorbates, formed from organic 

semiconductor molecules [10-14]. The corresponding bottom-up assembly could be executed 

via two common techniques: vapor deposition and liquid phase deposition [15,16]. However, 

both the approaches possess distinct limitations: the vapor deposition methods, as the organic 

molecular beam deposition, for instance, being applicable only to a few organic substances that 

survive a thermally enforced vacuum sublimation [16-19,23]. Liquid phase deposition, on the 

other hand, as the drop-casting or spin-coating methods [18], are based on chemical solutions, 

being thus unable to incorporate most of the organic pigments with promising semi-conductive 

properties, owing to their insolubility in almost all the liquid media. The latter drawback, hence, 

limits the processing of the organic pigments without a chemical functionalization that 

otherwise enables their dissolution [18,19,23]. However, the customized synthesis of 

functionalized semiconductors is expensive, particularly in relation to the standard pigments 

already being used in the industry. 
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1.2. The Organic Solid-Solid Wetting Deposition  

Keeping in mind the above limitations, hence, an alternative deposition approach was 

developed, termed as the “Organic Solid-Solid Wetting Deposition” (OSWD) technique 

[19-24]. Compared to the time-consuming and expensive standard manufacturing techniques 

(based on either the vapour or the liquid phase deposition approaches, as introduced above), 

this new deposition technique comes up with several advantages, as discussed next. Firstly, the 

OSWD marks as a highly straightforward method: under ambient conditions, the powdered 

organic semiconductor is dispersed in an appropriate dispersing agent and then drop-casted on 

an inorganic substrate. Soon (within few seconds or less [22]), two-dimensional (2D) 

supramolecular adsorbates form directly from the three-dimensional (3D) particles, covering 

the substrate’s surface. Thus, the technical effort for the application of the OSWD is rather low, 

which limits the potential investment costs for future industrial applications and makes the 

technology easily up-scalable. Additionally, with results revealing the ability of even purified 

water to catalyse the OSWD [22], the technique marks as both to be cheap and environmentally 

friendly.  

Furthermore, briefly summarising the basics of OSWD, the whole process is based on the 

effect of solid-solid wetting [25-27], with the gradient of the surface free energy serving as the 

prime driving force behind the technology. Consequently, the OSWD technique is capable of 

processing various organic semiconductors such as quinacridone, dimethylquinacridone 

(DMQAC), acridone or perylenetetracarboxylic dianhydride (PTCDA), and can be applied to 

several substrates such as graphite, graphene, carbon nanotubes (CNTs) or molybdenum 

disulphide (MoS2), with minimum effort [20-23,42]. Owing to the above advantages, OSWD 

can hence be found relevant in a series of applications, as in the field of low-dimensional crystal 

engineering on surfaces [24,28-29], chemical doping and bandgap engineering of graphene 

[21], and say for the fabrication of organic field-effect transistors [18]. 
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1.3. The OSWD Model Systems 

1.3.1. Composition of the Model Systems 

In order to explore the physico-chemical basis of the OSWD, model systems out of highly 

oriented pyrolytic graphite (HOPG) as the substrate material, varying aqueous and organic 

dispersing agents, and the organic semi-conductive pigment gamma quinacridone (γQAC) as 

the active phase were utilized in ceteris paribus approaches. γQAC is known to be a cheap and 

commercially available pigment with promising electrical properties, low toxicity, an excellent 

physical and chemical stability, and with biocompatibility for applications in the living 

organism [30-36]. Furthermore, the gamma polymorph has been known to be the most stable 

out of the four possible 3D crystal structures (αI, αII, β, and γ), with the polymorphs being built 

up by the linear QAC molecules connected with their neighbours via four hydrogen bonds of 

the type NH···O=C [40, 41]. For the chemical structure of a single QAC molecule refer Figure 

1.1, for the crystallographic data of the quinacridone polymorphs refer Table 1.1, and for the 

force field calculated crystal morphology of a three-dimensional γQAC crystal facing a HOPG 

substrate refer Figure 1.2. At standard atmospheric pressure, QAC crystals are entirely insoluble 

both in water [37-40] and in common organic solvents [32,40]. As a result, until now, QAC 

monolayers could only be assembled either via organic molecular beam deposition in ultra-high 

vacuum [36], or by the use of soluble QAC derivates [32], making the γQAC thus highly 

suitable for solid-solid wetting studies. Moreover, additional experiments were performed 

utilizing alternative model systems, references to them being made elsewhere in the text, as and 

when appropriate. 

Figure 1.1 Chemical structure of the QAC molecule.   
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Table 1.1 Crystallographic data of the quinacridone polymorphs, determined at a temperature of 

293 K [40].     

Crystal phase αI αII β γ 

a [Å] 3.802 14.934 5.692 13.697 

b [Å] 6.612 3.622 3.975 3.881 

c [Å] 14.485 12.935 30.02 13.402 

α [°] 100.68 91.39 90.00 90.00 

β [°] 94.40 107.12 96.76 100.44 

γ [°] 102.11 92.84 90.00 90.00 

Volume V [Å3] 355.0 667.8 674.5 700.6 

 

Figure 1.2 Force field calculated simulation of a γQAC crystal facing a HOPG substrate [22]. 
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1.3.2. Standard Sample Preparation Method 

With respect to the used model systems, the standard OSWD preparation procedure called 

for simply mixing a fine powder (2 % by weight) of γQAC crystals (refer Figure 1.3) in an 

organic or aqueous liquid medium. The insoluble molecular crystals lead to particle dispersions 

within the mixture, with the liquid medium thereby serving as the dispersing agent. Next, these 

dispersed organic crystals are drop-casted under ambient conditions onto the HOPG substrate. 

An OSWD is triggered if an organic crystal physically contacts the substrate, provided a 

sufficient gradient of the surface free energy prevails. Consequently, semiconductor molecules 

detach themselves from the contacting 3D crystal and get adsorbed onto the substrate’s surface. 

This eventually leads the adsorbed molecules to assemble into highly ordered supramolecular 

architectures [19-23]. Depending on the choice of the dispersing agent, the OSWD’s outcome 

can be probed via Scanning Tunneling Microscopy (STM) under ambient conditions, scanning 

either directly within the dispersion, or post the drop-casted dispersion is dried and the dry 

sample’s surface covered with a thin layer of dodecane. For the latter case, dodecane was found 

to neither trigger the OSWD nor form supramolecular assemblies, except preventing the 

formation of a contamination layer, condensed from the air [43,44]. Though the preparation 

procedure seems to be very straightforward, understanding the formation process and outcomes 

of the OSWD technique possess great challenges, resolving which being the prime aim of the 

current dissertation.  

Figure 1.3 Scanning Electron Microscopy (SEM) picture of 3D γQAC crystals [22].  
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1.3.3. The Results of the OSWD 

Probing of the OSWD generated adsorbate structures via STM revealed that the QAC 

molecules self-assemble into one-dimensional (1D) supramolecular chains via NH···O=C 

hydrogen bonds, in accordance to the QAC molecule’s functional groups (refer Figure 1.4) 

[19-23]. The supramolecular chains have a uniform width of 1.63 nm and they appear on the 

substrate’s surface either isolated or arranged into supramolecular arrays, the chains being 

arranged in the latter multiple parallel and side-by-side [20, applies to the entire paragraph]. It 

was found that the distance between adjacent QAC chains is a multiple of one of the two 

different lattice vectors, the related structures being accordingly termed as either the “close-

packing QAC chain configuration” (chain distance: 1.63 nm) or the “relaxed QAC chain 

configuration” (chain distance: 2.04 nm). Further, an overall look at the supramolecular QAC 

arrays revealed that they exhibited either a high packing density or a low packing density, the 

latter being due to the absence of QAC chains, leading to gaps (Figure 1.5). With respect to 

large-scale STM scans, these arrays were imaged as linear features and domains, as can be seen 

in the Figure 1.5. The analysis of the Fourier transformation of various multi-directional arrays 

yielded that the arrays exhibit 6 different orientations, corresponding to the preferred directions 

of the graphitic substrate (Figure 1.6). In addition, QAC bilayer structures were found 

occasionally, indicating their detectability but absence in most of the STM images. Thus, it was 

concluded that the processing of γQAC via OSWD leads primarily to the formation of 

monomolecular thick adsorbate structures, i.e. the 1D and 2D structures.  
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Figure 1.4 STM image (close-up view) of a QAC adsorbate layer, generated via the OSWD 

(substrate: single layer graphene atop copper). The superimposed and force field 

calculated inlay on the QAC structures (center right) illustrates the width of a QAC chain 

(1.63 nm), with relation to the length of the QAC molecule, further highlighting the 

formation of supramolecular chains via NH···O=C hydrogen bonds. The indicated lattice 

vectors: a = 0.70, b = 2.04 nm, and an intermediate angle of 88 ° refer to the relaxed QAC 

chain configuration. The bottom of the image, in addition, presents the underlying 

graphene substrate's structure, with graphene unit cell having lattice parameters: 

g1 = g2 = 0.246 nm. The white marked hexagon in the image (atop the graphene 

substrate) represents one carbon ring of the graphene structure, with an atom-to-atom 

distance of 0.142 nm. It is to be noted that the QAC formes identical adsorbate structures 

on the HOPG and on the graphene substrates [20,21]. Image courtesy: Michael Blum. 
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Figure 1.5 STM picture of QAC arrays on a HOPG surface. (a) QAC array with a high packing 

density, (b) QAC array with a low packing density, (c) 1D QAC chain [20].  

  

 (a) 

 (b) 
 (c) 
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Figure 1.6 The QAC arrays shown in this STM picture (atop a HOPG substrate) depict the six 

different orientations observed: (1) – (6). The small picture in the bottom right corner 

shows the fast Fourier transformation of this STM picture. [20]. 

 
 
 
  

 (1) 
 (2) 

 (3) 

 (4) 

 (5) 
 (6) 
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1.4. General Objective and Thesis Structure 

Initially, a lack of profound understanding of the physico-chemical basis of the OSWD 

restricted the approach to a narrow range of suitable, but rather expensive dispersing agents, 

like the octylcyanobiphenyl (8CB). This limitation prevented the broader development of ways 

to catalyse the basic effect, and hence made it impossible to assess the potentials of the OSWD 

technology in the field of carbon-based electronics. Thereby, the overall goal of this dissertation 

was to provide a detailed model for the OSWD process, determining the required environmental 

conditions, describing the contributing physical and chemical interactions, and further 

characterising in detail the outcomes of the OSWD.  Establishment of such a model was further 

aimed towards assessing the potentials of the OSWD for possible applications as low-

dimensional crystal engineering on surfaces, chemical doping and bandgap engineering of 

graphene, and its process suitability for large-scale applications.  

Summarizing the thesis structure, chapter 2.1, titled “Growing Low-dimensional 

Supramolecular Crystals” (page 13 and following), puts forward the characteristics of 

supramolecular QAC adsorbate structures generated via the OSWD. The crystallographic 

properties of the 1D QAC chains and the 2D QAC arrays are determined and their epitaxial 

dependence on the structure of different substrates (HOPG, CNTs, and MoS2) revealed. Further, 

the different large-scale configurations of supramolecular QAC arrays are analysed and the 

characteristics of bilayer structures explored. Along with this, the chapter investigates the 

influence of the dispersing agent on the structural properties of the generated adsorbate 

structures and evaluates the potentials of controlling the self-assembly of the desired QAC 

structures in advance. Besides, the stability of the adsorbates is examined with respect to factors 

as the thermal and temporal stability, electric fields, humidity, and water resistance.  

Chapter 2.2, titled “Doping Graphene via Organic Solid-Solid Wetting Deposition” and 2.3, 

titled “Doping Graphene via OSWD - Supporting Information” (page 23 and following), 

address the question: whether the OSWD enables the chemical doping and bandgap engineering 

of graphene? This is essential as being a pre-requisite when it comes to the development of 

OSWD for future applications, especially in the field of carbon-based electronics. Since such a 

chemical doping simultaneously alters the spectroscopic properties of a material, Raman 

spectroscopy was incorporated for the analysis, the technique known to be a reliable and widely 

used method for investigating the fundamental physical properties of carbon nanomaterials 

[6-8,45-50]. However, as the hitherto used standard OSWD preparation technique failed to 
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generate suitable samples for Raman analysis, the chapters as well present modifications to the 

approach, enabling a significant adjustment to the large-scale configuration of the generated 

substrate surface coverage in a scalable manner, by either incorporating a reworking step or by 

triggering the OSWD process thermally (and thus without employing a catalysing dispersing 

agent). Further, in order to verify the outcomes of the Raman analysis (and to probe the potential 

chemical doping of graphene), an independent, additional experimental technique, the Scanning 

Tunneling Spectroscopy (STS) [51-57], was employed and results subsequently presented. The 

chapters further provide complementary explorations that revealed the basic principles of the 

adsorbate layer growth. Moreover, the sections disclose that the findings of the OSWD model 

systems, used so far, are transferable to the substrate graphene and to an alternative 

semiconductor (dimethylquinacridone (DMQAC)), making the obtained results thus valid for 

OSWD applications in general. 

Identification of the contributing physical and chemical forces and the required 

environmental conditions (as to provide a fundamental model of the OSWD process) marks as 

the aim of the chapters 2.4, titled “Revealing the Physicochemical Basis of OSWD” and 2.5, 

titled “Revealing the Physicochemical Basis of OSWD – Supporting Information” (page 39 and 

following). The relevance of the dispersing agent in triggering the OSWD is assessed and its 

impact on the performance of the OSWD process is studied (by applying ceteris paribus 

approaches to the OSWD model system, using both organic liquids and purified water). The 

coefficient of determination R2 (square of the Pearson correlation coefficient R) was used in 

this regard, as to quantify the degree of a potential correlation between the achieved surface 

coverage and factors such as viscosity, permittivity, surface tension, or vapour pressure of the 

dispersing agent in use. Further, approaches to control the OSWD process are presented, 

addressing the properties and conditions of the dispersed γQAC crystals via modification of 

aqueous dispersing agents with the aid of different salts, acid, and base, thereby exploring the 

impact of particle size, zeta potential and pH on the OSWD. Additionally, essential insights into 

the OSWD process are offered that are gained by simulating the approach of a semiconductor 

crystal towards the substrate surface and approximating the related gradient of the surface free 

energy. This was achieved by using an appropriate mathematical model, based on a refined 

DLVO theory and incorporating the Casimir-like fluctuation-induced forces [58-66]. Besides, 

the geometrical interaction between a γQAC crystal and a HOPG substrate is investigated via 

force field calculations. Finally, a model for the OSWD is proposed describing the OSWD 

process in detail, considering the operating distance of the participating forces and 
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incorporating the effect of dewetting in a hydrophobic confinement, for both the polar and the 

nonpolar dispersing agents [67-72].  

Lastly, chapter 3., titled “Summary and Outlook” summarizes the outcomes of the present 

dissertation and provides an outlook by assessing the potentials of the OSWD technique.
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3. Summary and Outlook 

3.1. The Physico-chemical Basis of the OSWD 

3.1.1. Theoretical and Experimental Findings 

The Organic Solid-Solid Wetting Deposition (OSWD) technique enables the assembly of 1D 

and 2D supramolecular architectures directly from the 3D organic source crystals, without their 

need of being dissolved, melted or undergoing evaporation. Summarizing the outcomes of the 

present dissertation, it can thus be said that the in-depth analysis of the OSWD model systems 

provided an insight into the fundamental physico-chemical basis of the OSWD technique. For 

working temperatures of up to (and at least) 160 °C, the OSWD could not be executed using 

the organic semiconductor in the form of a dry powder. However, at such moderate 

temperatures, the OSWD process could be triggered for the powdered organic semiconductor 

dispersed within a suitable dispersing agent and it’s subsequent drop-casting onto the substrate 

surface. In this regard, it was revealed that low-cost organic and aqueous dispersing agents are 

suitable for triggering and directing the OSWD.  

Findings further unveiled the outcome of the OSWD to be significantly dependent on the 

choice of the dispersing agent. Exploration of the OSWD model systems via ceteris paribus 

approaches disclosed the zeta potential of the dispersed crystals and further the pH of the 

aqueous OSWD model systems, to be the most influencing parameters affecting the technique’s 

outcome. However, no significant correlation was found between the OSWD’s performance 

and the physical parameters viscosity, permittivity, surface tension, and vapour pressure of the 

dispersing agent in use; the same being applicable for the particle size of the dispersed organic 

semiconductor crystals. Moreover, refined DLVO theory simulations to study the approach of 

a semiconductor crystal towards the substrate surface enabled the identification of the 

participating attractive and repulsive interactions at the fundamental level, along with an 

assessment of the related surface free energy’s gradient. Finally, additional force field 

calculations further revealed the means via which the semiconductor crystals would 

geometrically interact with the substrate surface, during the OSWD process. 
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3.1.2. The Fundamental Model of the OSWD Process 

A fundamental model of the OSWD process was proposed based on the deeper insight gained 

into it via the experimental and theoretical findings, the model being able to describe the 

importance of various forces at different crystal-surface distances (refer Figure 3.1). Briefly 

summarizing the model, semiconductor crystals that approach the substrate surface initially 

encounter a repulsive barrier at a distance of about 100 nm, the barrier having its origin in the 

electrical double layers that surround all objects in contact with the dispersing agent. As the 

level of the barrier decreases with an increasing negative zeta potential, the clearly negatively 

charged crystals become capable of overcoming it. Subsequently, the interplay of Poisson-

Boltzman related, Van-der-Waals, and Casimir-like fluctuation-induced forces causes an 

increasing attraction towards the substrate surface.  

At a distance of about 10 nm and below, the liquid-phase molecules and the weakly bonded 

ionic species get expelled by the hydrophobic dewetting effects, followed by the solvated ions 

constituting the outer Helmholtz planes of the involved surfaces [58,74]. The origin of such 

dewetting effects lie in the hydrophobicity of both the semiconductor crystals and the substrate 

surface, such effects being reported for aqueous, polar, and fully nonpolar dispersing agents 

[67-72]. The remaining, non-solvated, ionic adsorbates induce a steric barrier below a 

separation of 1 nm between the semiconductor crystals and the substrate surface. As far as the 

aqueous systems are concerned, the barrier comprises of ice-like structured water molecules 

and selectively adsorbed hydroxyl ions [75-77]. However, the sum of all the attractive forces, 

including the hydrophobic dewetting interaction, reaches such a level at this separation that the 

inner Helmholtz planes get as well expelled, thereby eliminating the steric barrier [67,72]. 

Consequently, a direct physical contact between a semiconductor crystal and the substrate 

surface is established.  

This triggers the OSWD process, provided the binding energy of the molecules within the 

facing semiconductor crystal plane is lower as compared to that of the molecules adsorbed on 

the substrate surface, and that the attraction of semiconductor molecules towards the substrate 

surface is strengthened. Such strengthening in turn being attributed to the Poisson−Boltzmann 

related and fluctuation induced forces provided by the inner Helmholtz planes. Consequently, 

the gradient of the surface free energy is modified, thereby catalysing the detachment of the 

semiconductor molecules from the semiconductor crystal via the OSWD. In this respect, a 

comparative value was introduced, the zeta potential z33 (the point within a zeta potential 
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distribution where 33 % of the distribution is more negative and 66 % is more positive), 

whereby the more negative the z33 value, higher being the generated substrate surface 

coverage. All this results in the attachment of the semiconductor molecules to the substrate 

surface via noncovalent bonding; the interaction being π−π stacking for graphitic substrates. 

Subsequently, the occurring self-assembly processes define the structure of the formed 

supramolecular array. It was found that the surface diffusion of the adsorbed semiconductor 

molecules is limited up to temperatures of 160 °C, thereby limiting the detachment of molecules 

from the semiconductor crystal to the outermost surface layer and thus, the ability to grow long-

range ordered monolayers. This, as a result, leads in to a distinct and a defined domain structure 

by the generated surface coverage; the transfer and the assembly of the supramolecular arrays 

being completed within seconds or less. 

 Besides, a new sample preparation technique was developed, thermally triggering the 

OSWD without the need of applying a dispersing agent. To achieve the required gradient of the 

surface free energy and to supply the required activation energy, both the substrate and the 

powdered semiconductor atop were heated up to a temperature of 240 °C and beyond. It was 

found that at such temperatures, the accelerated and enhanced surface diffusion processes 

enabled the adsorbed semiconductor molecules to migrate more extensively across the substrate 

surface – apart from the thermal annealing effects that additionally occurred. Consequently, the 

thermally triggered OSWD leads to the formation of extended and well-ordered adsorbate 

layers.   
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Figure 3.1 Summary of the major processes that the dispersed semiconductor crystals undergo, as 

they approach the substrate surface. Reprinted with permission from the J. Am. Chem. 

Soc., 2018, 140 (4), pp 1327–1336. Copyright © 2018 American Chemical Society. 

https://pubs.acs.org/doi/full/10.1021/jacs.7b10282  
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3.2. Novel Ways to Direct and Control the OSWD 

An exploration of the possibilities to control the OSWD in detail revealed several novel 

approaches, as to direct the related supramolecular self-assembly at will. In this respect, the 

topmost proposition was by choosing (or preparing) an apt dispersing agent. It was found that 

the same type of semiconductor molecule was able to generate different supramolecular 

assemblies and that certain dispersing agents reproducibly favour the development of specific 

supramolecular assemblies. For instance, applying the dispersing agent ethylbenzene to the 

organic semiconductor gamma quinacridone (γQAC) leads to the formation of distinct 1D 

assemblies, instead of 2D domains. Thus, the generation of a particular assembly can be 

achieved by carefully choosing a specific dispersing agent, thereby particularly adjusting the 

zeta potential of the dispersed semiconductor crystals to an appropriate value. Moreover, it was 

found that the selection of the dispersing agent also considerably determines the degree of 

substrate surface coverage that can be achieved via OSWD. Hence, directing the OSWD at will 

via modifications of the zeta potential became straightforward for the aqueous dispersing 

systems – using phosphate salts, acid or base.  

Additional approaches to control the OSWD driven assembly of surface adsorbates were 

revealed by developing new and enhanced sample preparation methods. For instance, gently 

rubbing the semiconductor crystals against the substrate in the presence of a catalysing 

dispersing agent significantly increases the achieved surface coverage. Besides, directional 

rubbing allows modification in the size and the orientation of the generated supramolecular 

arrays. Moreover, the newly developed, thermally triggered sample preparation approach 

enables the generation of extended and well-ordered monolayers (in contrast to the so far 

created substrate coverage exhibiting a distinctly defined domain structure), in a straightforward 

way. Beyond that, the high mechanical stability the surface adsorbates generated via the OSWD 

enables structural modifications on the nanoscale level, by means of tip-based scanning probe 

nanolithography [23].   
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3.3. Assessing the Potentials of the OSWD 

To assess the potentials of the OSWD technology, particularly in the field of carbon-based 

(nano)electronics, in-depth investigations were performed using Raman spectroscopy and 

Scanning Tunneling Spectroscopy (STS). Respective results clearly made the chemical doping 

of graphene via OSWD evident, thereby revealing the applicability of the technique in the 

fabrication of carbon-based semiconductor devices. As the properties of a bandgap depend both 

on the chemical structure and the orientation of the doping surface adsorbate [73], and since the 

OSWD enables the modification of both the above factors, the technique further presents itself 

as a promising approach for the future bandgap engineering of graphene. Moreover, the OSWD 

provides reproducible results in terms of the structure and the coverage rate of the generated 

surface adsorbates, provided that the samples are prepared under identical conditions. Similarly, 

all the discovered possibilities to steer the OSWD process are not locally restricted and do not 

require an extensive sample post-processing. The presented rubbing technique is nevertheless 

a promising approach for a straightforwardly applicable reworking step that significantly 

increases the performance of the OSWD process. In summary, thus it can be said that the OSWD 

approach presents itself as a freely up-scalable methodology.  

Additionally, the technique also allows for a wide range of applications in different 

processing technologies, owing to the fact that it can be triggered and controlled in several 

ways. Keeping in mind the varying requirements of dispersion-based processing techniques like 

the inkjet-printing, the drop-casting or the spin-coating, the OSWD enables the selection of a 

suitable dispersing agent solely based on the appropriate physical properties of the dispersing 

agent. The properties and conditions required to trigger the OSWD process (refer chapter ‘3.1.2 

The Fundamental Model of the OSWD Process’) can be provided by addition of suitable 

additives to the dispersion, like the phosphate salts, acid or base, and/or by applying the 

presented reworking step. Besides, with respect to the durability of the generated surface 

adsorbates, the adsorbates generated via the OSWD were found to resist humidity and water, 

were thermally stable up to 300 °C at least, and were temporally stable for a minimum of 36 

days. Earlier investigations moreover revealed the potential use of an alkyd resin, providing a 

resistant protection layer, without damaging the supramolecular structures [19]. Further, as 

water was identified as a suitable dispersing agent, OSWD made all kinds of non-toxic 

applications, as in a living organism or in the food industry, imaginable. 
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In conclusion, thus it can be said that the OSWD technique points towards an industrial 

application for the fabrication of low-cost, but large-scale products based on pigment-

functionalized substrates, like graphene or carbon nanotubes (CNTs). For instance, a highly-

promising prospect would be to apply the OSWD technique to the field of printed and flexible 

carbon-based electronics, as to perform the essential bandgap engineering. Flexible electronics 

combine the outstanding electric properties of graphene-based materials (high intrinsic carrier 

mobility, conductivity, and mechanical flexibility) with flexible and even transparent plastic-

based substrates. The utilisation of printing technologies facilitates a customer-specific 

fabrication in practically freely scalable quantities and at very low production costs. The 

combination of both the technologies has already enabled the development of both advanced 

and entirely new types of electronic devices, such as active-matrix organic light-emitting diode 

(AMOLED) displays that are additionally sensitive to the strength of the applied pressure, for 

future generations of flexible displays, electronic papers and touch screens.  

Further, flexible pressure and strain sensors now enable the real time monitoring of human 

motion or biological signals such as breathing and phonation. Besides, flexible light-emitting 

diodes (LEDs) and solar cells have been presented that can conform to non-flat surfaces, such 

as the exterior and interior structures of buildings and homes. Flexible and lightweight sensors 

based on chemically doped CNTs enable the detection of various chemical and biological 

species such as hydrogen (H2), nitrogen dioxide (NO2), ammonia (NH3), carbon monoxide 

(CO), dimethyl methylphosphonate (DMMP), 2,4,6-trinitrotoluene (TNT), ethanol, glucose, 

and dopamine, with a detection limit of several ppm. Such sensors were found to be flexible 

and lightweight enough to be placed on biological surfaces, the human body, textiles or to be 

used in aerospace applications (refer [9] for the whole section). Summing-up it can be hence 

said that for the OSWD technique, numerous possible applications already exist, especially 

when it comes to the area of printed and flexible carbon-based electronics. 
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