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ABSTRACT 

This thesis covers electrical and surface analytical investigations of organic 

thin-film transistors. The most distinct aspect of the experimental work was that the 

organic film preparation, as well as the chemical and electrical characterization of the 

organic devices, were performed in situ under ultra-high vacuum conditions. This 

allowed unprecedented measurements of the performance of organic transistors, in 

particular with regard to reproducibility and the correlation between film morphology 

and electrical properties. To this end, in situ Auger Electron Spectroscopy and Thermal 

Desorption Spectroscopy, as well as ex situ Atomic Force Microscopy were applied to 

determine the chemistry, thermal stability and morphology of the dielectric substrates 

and the semiconducting organic layers. A special sample holder allowed the cooling and 

heating of the organic devices, thus enabling the study of the transistor performance 

in situ as a function of film thickness, sample temperature and substrate modifications. 

In particular, organic transistors with pentacene and epindolidione as the active 

semiconducting material, and silicon dioxide, as well as spin-coated capping layers 

PVCi and PNDPE as dielectric substrate, were prepared and characterized. The main 

findings can be summarized as follows: The transistor properties, mainly characterized 

by the charge mobility and threshold voltage, were governed by a subtle interplay 

between the grain size and density, the molecular ordering in the grains, and the overlap 

between the organic film and the gold contacts. Deposition of the film at elevated 

temperature increased the grain size and the molecule ordering, thus increasing the 

charge mobility; however, at the same time dewetting effects diminished the overlap 

between the organic film and the gold source and drain contacts, thus decreasing the 

attainable drain current and consequently the mobility. With an elaborate deposition 

technique, by utilizing the specific layer growth modes at different substrate 

temperatures, this restriction could be overcome and excellent mobilities for the 

pentacene/silicon dioxide system at comparably low film thickness were obtained.  

Another important parameter for the film formation was the diffusivity of the 

organic molecules at the substrate. The diffusivity could be intentionally altered by ion 

sputtering of the silicon oxide substrate and a modification of the silicon oxide by less 

polar organics, such as PVCi and PNDPE, which both influenced the resulting mobility 

considerably. One of the main results of this work was the finding that only 3 - 4 layers 

of the organic film contributed to the major part of the drain current. 
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KURZFASSUNG 

Die vorliegende Dissertation befasst sich mit der elektrischen und 

oberflächenanalytischen Charakterisierung von organischen Dünnschichttransistoren. 

Ein Großteil der experimentellen Arbeiten wurde dabei in situ unter 

Ultrahochvakuumbedingungen durchgeführt. Dadurch war es möglich die 

Leistungsfähigkeit der organischen Transistoren zu untersuchen, im Besonderen in 

Bezug auf Reproduzierbarkeit und die Zusammenhänge zwischen Schichtmorphologie 

und elektrischen Eigenschaften. Zusätzlich zu der elektrischen Charakterisierung 

wurden sowohl in situ Auger Elektronenspektroskopie und thermische 

Desorptionsspektroskopie, als auch ex situ Rasterkraftmikroskopie eingesetzt um die 

chemische Zusammensetzung, thermische Stabilität und Morphologie der dielektrischen 

Substrate und organischen Schichten zu bestimmen. Der Einsatz eines spezifisch dafür 

konstruierten Probenhalters ermöglichte das Heizen und Kühlen der Proben, sowie 

Untersuchungen der Transistoreigenschaften als Funktion der Schichtdicke, der 

Temperatur und von Oberflächenmodifikationen. 

Pentacen und Epindolidione Transistoren mit den Dielektrika SiO2, PVCi und 

PNDPE wurden hergestellt und charakterisiert. Die dabei gewonnenen 

Haupterkenntnisse waren, dass die Transistoreigenschaften, repräsentiert durch die 

Ladungsträgermobilität und Einsatzspannung, vorwiegend durch ein Zusammenspiel 

der Korngröße und ïdichte im Halbleiter, der Struktur in den Körnern und der 

Überlappung der Halbleiterschicht mit den Goldkontakten bestimmt werden. 

Filmabscheidung bei erhöhter Substrattemperatur steigerte die mittlere Korngröße und 

Ordnung im Film, wodurch sich einerseits die Mobilität erhöhte aber andererseits auch 

Entnetzungseffekte begünstigt wurden, welche die erreichbaren Leistungsparameter 

negativ beeinflussten. Ein spezialisiertes Abscheidungsprotokoll bei verschiedenen 

Abscheidungstemperaturen konnte die Vorteile beider Bereiche kombinieren und führte 

zu exzellenten Mobilitäten bei verhältnismäßig geringen Pentacen Schichtdicken. 

Ein weiterer wichtiger Parameter des Filmwachstums war das 

Diffusionsvermögen der organischen Moleküle auf dem Dielektrikum. Dieses konnte 

mittels Argon-Ionen-Sputtern oder Benetzen des Siliziumoxids mit weniger polaren 

Schichten wie PVCi und PNDPE bewusst modifiziert werden und wirkte sich direkt auf 

die erreichbare Ladungsträgermobilität aus, welche zum überwiegenden Teil von den 

untersten 3 ï 4 Schichten des Halbleiters bestimmt wurde. 
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1 INTRODUCTION 

Electronic devices based on organic semiconductors are on the verge of taking 

over large shares of several markets currently dominated by inorganic systems. Organic 

electronics is therefore already far beyond being a primarily research specific term and 

is frequently used in todayôs marketing strategies, symbolizing high quality, cutting-

edge technology [1,2]. The field remains highly relevant for the future of our electronic 

world, as it offers the possibility to utilize highly advantageous organic material 

properties for present-day and prospective applications. The widespread scientific 

interest in organic electronic devices can be largely attributed to the unique possibility 

to deposit and pattern the involved semiconducting materials at room temperature, 

while maintaining excellent biodegradability and biocompatibility [3,4]. This enables 

the creation of low-cost, large-area electronic functions on flexible substrates via 

comparably inexpensive processes and therefore to realize applications not feasible with 

silicon or other inorganic transistor technologies [1,5ï12]. Some examples for devices 

based on these unique advantages are displayed in Figure 1.1. 

As one of the most basic building blocks of organic electronic devices, switches in 

the form of organic thin-film transistors (OTFTs) [13,14] are one of the pillars for 

technological success. While the possibility to create and optimize organic devices is 

evident, to the present date, many of the underlying principles affecting critical device 

parameters such as performance and lifetime are not yet fully understood and 

controllable in satisfactory detail, as outlined in a number of review articles [13,15ï17]. 

In general, the film morphology of the active layer, the molecular ordering, and 

chemical impurities are recognized as prominent factors for the attainable OTFT 
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performance [18ï25]. Additionally, high performance organics are often sensitive to 

oxygen [26,27], humidity [28], and light exposure [29], leading to, sometimes severe, 

device degradation under ambient conditions and limited operational lifetime. 

To gain conclusive insight into thin-film growth and the connected electrical 

properties, recently several groups turned their attention to in situ measurements under 

vacuum conditions, in an effort to improve reproducibility and reduce atmosphere 

induced contamination and degradation [30ï38]. Some experimental work showed that 

ultra-high vacuum (UHV) chamber deposition, in combination with in situ surface 

analytical and electrical characterization, is able to accurately connect active layer 

growth and morphology with the resulting electrical transistor properties, based on 

specific, well-controlled surface alterations [18,19]. One distinguished and common 

point of interest is the number of closed monolayers (ML) at which the rise in mobility 

with increasing coverage saturates and therefore indicates the maximum effective 

Debye length in the film [39,40]. This was subject-matter of a number of 

articles [30,31,34,36,39ï43] and formed the basis for our publications on this topic [44ï

46]. 

Being part of organic thin-film transistor research and development for almost 25 

years [47ï49], the polycyclic aromatic hydrocarbon pentacene (C22H14, Figure 1.2 (a)) 

has earned a reputation as a working horse material in OTFT fabrication [50]. This is for 

the most part attributable to the attainable high charge carrier mobilities of greater than 

1 cm
2
/Vs [50ï52] and can be related to the materials tendency to form well-ordered 

layers of standing molecules with excellent long axis alignment of the five linearly 

connected benzene rings [53,54], which form the molecules structure [20]. Typically, 

pentacene is deposited in vacuum on a gate dielectric of choice, with gold electrodes in 

a bottom or top-contact configuration. Subsequently, the devices are contacted and 

electrically characterized in air. Recently, some investigations on in situ pentacene 

device fabrication and electrical characterization have been reported as well. Kiguchi et 

al. [30] were one of the first to study the conductivity of pentacene films in situ 

continuously during film growth, and found that the accumulation layer is just a few nm 

thick. Similar experiments were performed by Liu et al. [31], who additionally focused 

on the role of pentacene purification [32] and on the influence of vacuum breaking on 

the device performance [33]. Furthermore, in situ and real time electrical measurements 

were also carried out in the group of Biscarini [34,35], who studied the influence of the 

deposition rate on the device performance and on the number of active layers 
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contributing to the drain current. Finally, the evolution of mobility, threshold voltage, 

and hysteresis during pentacene deposition was investigated in situ by Fiebig et al. [36]. 

In order to go beyond this type of in situ research on organic semiconductors, the 

focus of this work was the analysis of the semiconducting layer in organic thin-film 

transistors through a unique combination of in situ layer deposition, real-time electrical 

and surface analytical characterization, with all investigations being performed under 

ultra-high vacuum conditions. A specialized experimental setup enabled full control 

over the semiconductor deposition process through precise deposition temperature and 

rate adjustment, as well as exact sample surface temperature control and variation 

between 120 K and 800 K, during and subsequent to the deposition itself. Through this, 

it was possible to realize unprecedented investigations during deposition and during 

layer thinning by thermal desorption. Auger electron spectroscopy (AES) was applied to 

control the chemical composition of the surfaces involved prior and after film 

deposition. The deposited film could also be desorbed and analyzed by Thermal 

Desorption Spectroscopy (TDS) in a controlled way, establishing the thermal stability 

of the film. Due to the fact that repeated film deposition and removal could be achieved 

without breaking the vacuum, it was possible to test the influence of various parameters 

on the reproducibility of the transistor characteristics, such as argon-ion sputtering of 

the gate dielectric ahead of semiconductor deposition. Ex situ atomic-force microscopy 

(AFM) was used to characterize the morphology of the films. 

Following the successful implementation of pentacene OTFTs and the pioneering 

success by Gğowacki et al. [4,55ï57], the organic pigment epindolidione (C16H10N2O2, 

Figure 1.2 (b)) was investigated as well. As a hydrogen-bonded analogue of the well-

studied tetracene, it had emerged as one of the most interesting candidates for the active 

layer material in OTFTs [25,58]. As a structural isomer, the yellow to orange colored 

epindolidione is closely related to the industrially mass produced indigo, a blue organic 

dye with which it shares many advantageous properties. Epindolidione based OTFTs 

had shown excellent application potential, featuring very promising charge carrier 

mobility values of up to 1.5 cm
2
/Vs for p-type conduction [55], electrode material and 

derivatization induced n-type behavior, high air, water and temperature stability, 

excellent biocompatibility, and stable operation in ionic solutions in a pH range of 

3 to 10 [57]. 

The same specialized experimental setup was applied which enabled the 

manufacturing and characterization of electrical and surface physical properties of 
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epindolidione OTFTs in situ under ultra-high vacuum conditions. While inferior in 

terms of charge carrier injection and therefore maximum attainable mobility [14,59], the 

employed bottom-gate geometry allowed more insight into the correlation between 

semiconducting and growth properties to be gained. An investigation of the layer 

growth and transistor behavior of epindolidione as a function of the employed gate 

dielectric material, its surface treatment, i.e. sputtering, and of the sample temperature 

over a wide temperature range was performed. The in situ experiments were again 

complimented by ex situ AFM measurements. 

  

  

Figure 1.1: Various examples for the application of organic electronics based on 

flexible substrates, such as (a) and (b) displays [60,61], (c) artificial skin [62], and (d) 

circuitry [63]. 

 

 

Figure 1.2: Chemical structure of (a) pentacene and (b) epindolidione. 
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1.1 General Organization of this Thesis 

In this thesis, electrical and surface analytical studies on pentacene and 

epindolidione organic field-effect transistors will be discussed in detail. The applied 

experimental methods include electrical characterization as a function of dielectric 

material, sample and device temperature during deposition and surface analytical 

characterization by thermal desorption spectroscopy, Auger electron spectroscopy and 

ex situ atomic-force microscopy. 

Chapter 2 outlines the fundamental theoretical aspects of organic transistor 

technology, charge transport, parameter extraction and characterization. Additionally, 

the basic physical principles of semiconducting layer formation, including the 

adsorption process and nucleation are covered. 

In chapter 3 the main analytical methods employed throughout this work and their 

applicability to the present experimental challenges are covered, namely thermal 

desorption spectroscopy, Auger electron spectroscopy and atomic-force microscopy. 

Chapter 4 then focusses on the experimental setup and instrumentation used 

throughout this work, as well as the sample and device preparation and the 

corresponding method and material choices. Details on the sample temperature control 

and surface modification through argon-ion sputtering are also found here. 

The following three chapters then represent the main body of this thesis, detailing 

all experimental results. The basic field effect transistor investigations for pentacene are 

covered in chapter 5, optimization of the semiconducting layer growth and pentacene 

device performance are detailed in chapter 6 and finally, chapter 7 covers the 

application of the then well-established experimental system to an up-to-date organic 

semiconductor in the form of epindolidione. 

The concluding chapters contain a short summary of the results and findings 

obtained in the scope of this thesis and a list of conference contributions in chapter 8 

and the list of literature references in chapter 9. 
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1.2 List of Enclosed Publications 

 

PAPER I (REF. [44]) 

In situ preparation, electrical and surface analytical characterization of pentacene 

thin film transistors  

R. Lassnig, B. Striedinger, M. Hollerer, A. Fian, B. Stadlober and A. Winkler 

Journal of Applied Physics 116 (2014) 114508 

Author Contribution:  Following the successful implementation of in situ OTFT 

fabrication and characterization for our vacuum setup, pentacene based model devices 

were studied in detail. This work focused on the electrical device properties as a 

function of film morphology, preparation, and characterization temperature. 

B. Striedinger applied the gold bottom-contacts to the SiO2 samples and in conjunction 

with A. Fian and B. Stadlober assisted in the interpretation of data. M. Hollerer 

performed the auxiliary AFM measurements. All pentacene deposition, TDS, and 

electrical characterization experiments were performed by R. Lassnig. 

The publication was written by R. Lassnig in accordance with input and corrections 

from Prof. A. Winkler, who supervised this project. 

Large parts of this publication were used in chapter 5. 

 

PAPER II (REF. [45]) 

Optimizing pentacene thin-film transistor performance:  Temperature and surface 

condition induced layer growth modification 

R. Lassnig, M. Hollerer, B. Striedinger, A. Fian, B. Stadlober and A. Winkler 

Organic Electronics 26 (2015) 420-428 

Author Contribution:  In extension of the previous publication, this work included 

investigations and possible routes of performance optimization for pentacene deposition 

at different temperatures and on sputtered SiO2. M. Hollerer performed detailed AFM 

analysis on different pentacene layer thicknesses on the gold contacts, SiO2, and the 

transition between those regions. B. Striedinger applied the gold bottom-contacts to the 

SiO2 samples and in conjunction with A. Fian and B. Stadlober assisted in the 
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interpretation of data. All pentacene deposition, surface modification and electrical 

characterization experiments were performed by R. Lassnig. 

The publication was written by R. Lassnig in accordance with input and corrections 

from Prof. A. Winkler, who supervised this project. 

Large parts of this publication were used in chapter 6. 

 

PAPER III (REF. [46]) 

Temperature and layer thickness dependent in situ investigations on epindolidione 

organic thin-film transistors 

R. Lassnig, B. Striedinger, A. O. F Jones, B. Scherwitzl, A. Fian, E. D. Gğowacki, 

B. Stadlober and A. Winkler 

Synthetic Metals 218 (2016) 64-74 

Author Contribution:  Following the successful studies on pentacene, the highly 

promising, hydrogen-bonded organic semiconductor epindolidione was investigated. 

Once more the influence of preparation and characterization temperature, as well as 

dielectric configuration on the resulting transistor performance was studied in detail. 

B. Striedinger applied the investigated organic dielectrics and gold bottom-contacts to 

the SiO2 samples and in conjunction with A. Fian and B. Stadlober assisted in the 

interpretation of data. A. O. F. Jones performed X-ray investigations on epindolidione 

layers and supplied information on the epindolidione growth mode at different 

temperatures. B. Scherwitzl performed preliminary TDS evaluations on the material and 

came up with the suggestion to use epindolidione, which E. D. Gğowacki supplied, in 

addition to consultancy in experimental matters. All epindolidione deposition, TDS, and 

electrical characterization experiments were performed by R. Lassnig. 

The publication was written by R. Lassnig in accordance with input and corrections 

from Prof. A. Winkler, who supervised this project. 

Large parts of this publication were used in chapter 7. 
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CO-AUTHORSHIP PUBLICATIONS (REF. [64,65]) 

Electrical in-situ characterisation of interface stabilised organic thin-film 

transistors 

B. Striedinger, A. Fian, A. Petritz, R. Lassnig, A. Winkler and B. Stadlober 

Physica Status Solidi Rapid Research Letters 9 Issue 7 (2015) 420-424 

Author Contribution:  R. Lassnig assisted in the interpretation of experimental data. 

 

Adsorption, desorption and film formation of quinacridone and its thermal 

cracking product indigo on clean and carbon-covered silicon dioxide surfaces 

B. Scherwitzl, R. Lassnig, M. Truger, R. Resel, G. Leising and A.Winkler 

Submitted to Journal of Physical Chemistry C (May 2016) 

Author Contribution:  R. Lassnig supplied a number of AFM images and performed 

the analysis of the AFM data. 

 

Structure solution of epindolidione from thin films and tuning of crystallite 

orientations 

A. O. F. Jones, C. Röthel, O. N. Bedoya-Martinez, R. Lassnig, P. Christian, 

I. Salzmann, A. Winkler and R. Resel 

Submitted to Journal of Physical Chemistry C (June 2016) 

Author Contribution:  R. Lassnig manufactured all investigated epindolidione films 

and supplied a number of AFM images, including analysis of the data. 

 

Electrical in-situ characterisation of dinaphtho[2,3-b:2',3'-f]thieno[3,2-b]thiophene 

(DNTT) OTFTs 

B. Striedinger, A. Fian, A. Petritz, R. Lassnig, A. Winkler and B. Stadlober 

Submission to Physica Status Solidi Rapid Research Letters in preparation 

Author Contribution:  R. Lassnig assisted in the interpretation of experimental data. 
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2 FUNDAMENTALS 

Before going into the details of the experimental setup and sample preparation, 

the basic theoretical principles applied in this work are covered. This includes 

fundamental definitions and concepts for thin-film transistor technology, charge 

transport, and electrical performance parameter extraction. The second major part of 

this chapter contains the foundations of semiconducting material deposition, adsorption 

and film growth, as well as the thermal desorption of molecules. 

2.1 Organic Thin-Film Transistors 

As the fundamental building block for modern electronic devices, the transistor, in 

its most simple functionality as an on/off switch, represents the tool to translate binary 

code into electronic functions and vice versa. The following basic properties of field-

effect transistors are largely based on the works by Sze and Ng [66]. In Figure 2.1 the 

elementary components of a transistor, as employed throughout this thesis, are shown. 

The switch functionality relies on the regulation of the voltage (UDS) driven current 

flowing in between the drain and source electrodes (IDS). This is achieved by a potential 

applied to a gate electrode (UGS), which is separated from the semiconducting channel 

by a dielectric. The current path running through the semiconductor between the source 

and drain electrodes is called the channel. Usually, the source electrode is grounded and 

used as a reference potential for the voltages applied to the gate and drain electrodes. 

Therefore, the terms drain and gate bias are used synonymous with drain-source and 

gate-source bias throughout this work. Since no significant current can flow between the 

gate and the other electrodes, the attainable drain-source current is modulated by the 
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gate potential induced electric field, leading to the terminology field-effect transistor 

(FET). As a subcategory of field-effect transistors, thin-film transistors (TFT) feature 

the eponymous relatively thin semiconducting layer and a number of operational 

differences compared to FET. Most notably, TFTs operate exclusively in the 

accumulation regime and therefore a simple attraction of mobile charge carriers by the 

gate potential towards the dielectric-semiconductor interface is responsible for the 

formation of the charge transporting channel. These mobile charge carriers can be 

injected from both electrodes and are not bound to generation in the semiconductor 

bulk. The depletion and inversion regimes essential to FET operation are not found in 

TFTs, as are the associated chemical doping regions. The majority of transistor systems 

employing organic materials as a semiconductor, including the devices investigated in 

this thesis, are TFTs [67]. 

 

Figure 2.1: Schematic organic thin-film transistor structure and applied voltages 

between the gate and source (UGS), as well as drain and source (UDS) contacts. 

OTFTs can be constructed in four basic configurations, termed after the order in 

the layering and/or deposition of the substrate, gate electrode, insulator or dielectric, 

semiconductor, and source and drain electrodes. In Figure 2.2 the schematics of these 

four architectures are shown. Each arrangement features specific, geometry related, 

advantages and disadvantages when it comes to crucial device parameters such as 

charge carrier injection and transport, contact resistance, device degradation, and 

prominently the ease and feasibility of the manufacturing process itself. The bottom-

gate, bottom-contact architecture had been chosen for this work, since it offered, among 

other advantages, the unique possibility to study the OTFT devices in situ under UHV 

conditions and during the semiconductor deposition and layer growth itself. In addition, 

it is very often the configuration of choice for industrial scale production based on large 

area deposition techniques, such as spin-coating or inkjet-printing [67]. 
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Figure 2.2: Basic organic thin-film transistor architectures: (a) Bottom-gate, bottom-

contact, (b) bottom-gate, top-contact, (c) top-gate, bottom-contact, and (d) top-gate, top 

contact. 

2.1.1 Basic Device Operation and Characteristics 

In order to characterize and analyze OTFT properties, parameters of interest have 

to be defined and established. While not always applicable to its full extent [39,68], the 

formalism developed for silicon based FETs [66] has proven to be the most efficient 

and intuitive way to compare the performance characteristics between different samples 

and with results from other research groups. By setting either the drain-source voltage 

(UDS) and sweeping the gate-source voltage (UGS), or vice versa, and measuring the 

resulting drain-source current (IDS) as a function of the swept voltage, so-called transfer 

and output characteristics can be generated for a device. In turn, these contain the 

necessary information to extract the parameters of relevance for organic transistor 

characterization. In our case, these parameters are the charge carrier mobility in the 

linear (µLin) and in the saturation (µSat) regime, the threshold (UTh) and onset voltages 

(UOn), the on/off-ratio (IOn/IOff), and the subthreshold swing, which will all be covered in 

more detail in the following sections [69ï73]. In Figure 2.3 exemplary transfer and 

output characteristics for commercial n-type, metal-oxide FETs are shown as extracted 
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from the corresponding data sheet, which have also been used to test the viability of the 

electrical measurement system. These characteristic curve progressions can also be 

found to a high degree in all transfer and output curves for OTFTs presented in this 

thesis and enable the formalism developed for inorganic FETs to be applied to OTFTs. 

Noticeable deviations in presented OTFT characteristics from the classical form 

displayed in Figure 2.3 hint towards the limitations of the classical FET picture for 

organic semiconductors and the additional parameters not accounted for in the model 

and will be covered where applicable. 

 

Figure 2.3: Characteristic n-type (a) transfer and (b) output curves for commercial 

metal-oxide power-FETs [74]. 

2.2 Charge Transport in Organic Materials 

Contrary to inorganic FETs, no intrinsic free charge carriers exist in the 

semiconductor and as a consequence of the absence of any doping regions, ambipolar 

electron and hole transport is theoretically feasible. In practice most OTFTs operate in 

hole conduction. The main reason for this is the higher Schottky barrier for electron 

injection into organic semiconductors from the commonly used high work function 

metal electrodes. As mentioned in the previous chapter, TFTs operate in the 

accumulation regime. The application of a sufficient gate bias UGS enables the uniform 

collection of mobile charge carriers, injected into the semiconductor from the source 

and/or drain electrodes, at the dielectric-semiconductor interface above the gate 

electrode. At the application of a drain-source bias UDS, the mobile charge carriers can 
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then transport charge between these two electrodes. The gate voltage at which the 

channel first becomes conducting is the so-called onset voltage (UOn), which equals the 

flat-band voltage in the traditional FET picture and similarly the gate-source voltage at 

which the drain current is at its minimum [75]. In order to apply the formalism for 

parameter extraction developed for inorganic FET systems, the concept of a threshold 

voltage (UTh) for the OTFT system was introduced [70]. While denoting the transition 

point from weak to strong inversion in traditional FETs [66], it signifies the necessary 

gate voltage to obtain appreciable drain current for OTFTs and therefore implies a 

current criteria for evaluation [19]. Both parameters, UTh and UOn, have the same origin 

and have similar meaning, but follow different evaluation procedures. Often the 

effective applied gate voltage (UEff) is an important parameter for the analysis of an 

OTFT system, defined as the part of the applied voltage that actively contributes to the 

majority of the charge carrier generation above the gate dielectric: 

 Ὗ Ὗ Ὗ  (2-1) 

Consequently the accumulated mobile charge Q at the semiconductor-dielectric 

interface is defined by 

 ὗ ὅὟ  (2-2) 

with the gate dielectric capacitance, CG. 

In Figure 2.4 exemplary transfer and output characteristics for the p-type 

transistors investigated in this thesis are shown. The application of the drain-source bias 

UDS leads to a shift in the previously uniform charge carrier distribution above the gate 

and, with the previously defined voltages, two conduction regimes can be established. 

 

Figure 2.4: Exemplary transfer (a) and output characteristics (b), measured at 300 K, of 

an 8 nm thick pentacene film after deposition on a carbon covered device at 200 K. 
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For a certain gate voltage UGS exceeding UTh, one can assume that a fixed number 

of charge carriers Q is injected and supplied in relation to UEff. Then the drain current 

scales with the drain-source bias UDS (Figure 2.3 (b) and Figure 2.4 (b)) in two distinct 

ways. For low drain-source bias UDS, the drain current is not limited by the number of 

accessible charge carriers and increases linearly with the applied drain-source potential. 

This represents the so-called linear regime of OTFT operation. With increasing UDS, a 

point is reached, where the fixed number of charge carriers supplied by the effective 

gate voltage UEff limits the attainable drain-source current. The so-called saturation 

regime is reached, where for a certain UGS the eponymous saturation of IDS as a function 

of UDS is attained and the conducting channel is pinched-off in accordance to the classic 

FET picture and the current flow is then space-charge limited. Consequently, IDS 

becomes independent of the drain-source voltage. The transition from the linear to the 

saturation regime can be observed in the evolution of the drain current in Figure 2.4 (b) 

from low to higher drain-source voltage (right to left). In terms of the established 

voltages the regimes can be characterized by: 

Linear regime: ȿὟ Ὗ ȿ Ὗ ȿὟ ȿ π (2-3) 

Saturation regime: ȿὟ ȿ ȿὟ Ὗ ȿ Ὗ π (2-4) 

The transfer characteristics shown in Figure 2.3 (a) and Figure 2.4 (a) represent a 

different evaluation of the circumstances depicted in the output curves and the same two 

regimes can be specified. The drain-source potential UDS is now the constant parameter 

and the low UGS parts of the graphs represent the saturation regime, where the current is 

limited by the amount of mobile charge carriers supplied at a certain UGS. With 

increasing gate bias, more and more charge carriers are injected into the semiconductor 

until the applied drain source voltage doesnôt suffice to utilize the present number of 

charge carriers to its full extent. The drain current as a function of the drain source 

voltage UDS is therefore once more in the linear regime. This linearity is observable in 

the spacing of transfer characteristics for a number of drain-source voltages and a 

specific gate-source voltage (not shown here). In Figure 2.4 (a) a logarithmic 

(log(IDS) vs. UGS) and a square root representation (Ὅ  vs. UGS) of the drain current 

are depicted, highlighting the quadratic dependence of the attainable drain current as a 

function of the applied gate bias in the saturation regime. For output curves, as depicted 

in Figure 2.4 (b), the same quadratic relationship can be observed. At a fixed 
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drain-source voltage UDS, the attained IDS values then show the quadratic spacing as a 

function of the applied gate voltage UGS. 

In both regimes, the channel itself acts as a resistor. The equivalent resistance is 

determined by the channel length L, defined as the shortest drain-source contact 

distance, and the channel width W in the perpendicular in-plane direction. Additionally, 

the charge transport properties in the semiconductor itself, related to the charge carrier 

density n and mobility ɛ and gate dielectric parameters, such as thickness d and 

capacitance CG, are of crucial importance for the resulting electrical performance. The 

square-root representation is generally the data representation of choice in order to 

extract the threshold voltage (UTh) and consequently charge carrier mobility in the linear 

(µLin) and, more commonly, the saturation (µSat) regime [76,77]. Additionally, the 

logarithmic form of representation immediately yields the onset voltage UOn, as 

specified before, and the on/off-ratio (IOn/IOff), defined as the ratio between the highest 

and lowest attainable drain currents in the corresponding on and off states. From the 

first major rise of the logarithmic transfer curve as a function of gate bias the 

subthreshold swing can be extracted, which is the inverse of the slope in this regime and 

noted in V/decade. An optimal OTFT features a low onset voltage and threshold 

voltage, as well as a high on/off-ratio and subthreshold swing. 

2.2.1 Charge Transport Mechanism and Temperature Dependence 

Due to the fact that all our devices show a rather low mobility, in large part 

attributable to the, maximum performance wise, inferior bottom-contact 

architecture [14,59], we assume that the contact resistance should play only a minor role 

for the mobility determination from the transfer curves. The contacts are able to supply 

the channel with a sufficiently high amount of charge carrier and the temperature 

dependence of the effective mobility should then by largely determined by the 

properties of the organic film itself. 

Several models have been discussed in the literature for the charge transport 

mechanism in organic electronics [67,73]. Unlike in inorganic semiconducting systems, 

band-like charge transport by delocalized states is generally assumed not to play the 

most significant role in polycrystalline or amorphous organic materials [78,79]. 

Horowitz et al. [13] have shown that the mean free path of charge carriers can actually 

be shorter than the mean atomic distance, invalidating a pure band-like charge transport 

model. Charge hopping and tunneling between localized states and their activation into 



Chapter 2: Fundamentals 

16   

temporary delocalized states are the major contributions to charge transport. This often 

encompasses the intermolecular overlap of orbitals of states that are delocalized over a 

single molecule (intramolecular delocalization). This entails, that the layer formation 

and the relative orientation of molecules and grains to each other becomes highly 

significant for the charge transport. For the sheet-like, benzene ring based molecules 

pentacene and epindolidione studied in the present work (Figure 1.2), the charge 

transport largely relies on the stacking and overlap of the ˊ-orbitals perpendicular to the 

ring planes between neighboring molecules [80,81]. This so called ˊ-ˊ stacking of the 

molecules will be covered in more detail in section 2.3 on the semiconductor deposition 

and layer formation. 

In the following, a number of charge transport mechanisms are described, which 

are all temperature-dependent to some degree. A comprehensive, schematic overview of 

the involved transport regimes of interest is depicted in Figure 2.5. The most frequently 

discussed model is the so called MTR (multiple trapping and release) model, which 

assumes that most of the carriers are trapped in localized states, which have to be 

promoted temporarily into a delocalized band, in which charge transport occurs (Figure 

2.5 (c)). In this case, the drain current depends on the activation barrier between the 

localized trap level and the delocalized band edge [13,82]. Contrary to inorganic FET, 

thermally induced phonon scattering is not the main limiting factor for charge transport 

and the mobility has been shown to increase with temperature [83]. According to the 

MTR model [67,79,84], the effective mobility µEff is determined by a recurrent charge 

carrier trapping, where the mobility is naturally zero, and subsequent release from 

shallow trap states below the conduction band edge. By assuming, for simplicity, a 

single trap state with energy EA above the conduction band the effective mobility can be 

described by 

 ‘ ‘‌ϽÅØÐ
Ὁ

ὯὝ
 (2-5) 

where µ0 is the intrinsic free carrier mobility near the bottom of the extended 

states and Ŭ = NC/NT, where NC denotes the density of states at the bottom of the band 

and NT the trap density [13,85]. However, even in the case of non-single level trap 

states, e.g., in the case of a linear or uniform distribution of states, it has been shown 

that equation (2-5) still holds. The activation energy EA then corresponds to the 

difference between the lowest lying trap states and the extended band edge. The value 
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of Ŭ depends of course on the distribution of the trap states, but can be approximated by 

Ŭ = EA/kBT [85]. 

In addition, in a polycrystalline film the charge transfer between the individual 

grains also plays an important role (Figure 2.5 (b)). Measured activation barriers should 

be then explained as the barrier necessary for thermionic emission or tunneling of 

charge carriers between the individual organic semiconductor grains [83]. Under those 

circumstances the mobility will strongly depend on the grain density of the film. 

Furthermore, the metal electrode may form a Schottky contact with the organic 

semiconductor, such that the thermally activated charge injection may dominate the 

temperature dependence of the drain current and the related contact resistance RC 

(Figure 2.5 (a)) [39,86ï88]. As pointed out in chapter 2.1 and displayed in Figure 2.2, 

due to the potentially different semiconductor growth modes on the dielectric compared 

to the contact regions, a low conductivity region may form in this transition 

region [89,90]. 

 

Figure 2.5: Charge transport contributions in an organic thin film transistor: (a) The 

charge carrier injection into the semiconductor, (b) the transition between grain 

boundaries and (c) the charge transport within a grain. 

In order to gain information on the prevailing charge carrier mechanism and its 

temperature dependence, the natural logarithm of the mobility (lnµ) can be plotted 

against the inverse temperature 1/T. According to equation (2-5), from the slope of this 

Arrhenius type representation, the involved activation barriers for the thermally 

activated carrier transport can be deduced. 
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Additional information can be extracted from the temperature dependence of the 

threshold voltage. The general increase of the threshold voltage (higher negative values 

for p-type channels) with decreasing temperature can be explained by the mobility edge 

model [91]. In this model, two types of carriers are classified: mobile carriers in the 

band-like state and immobile carriers in the trap states. The trap states extend more or 

less (deep and shallow traps) into the gap in an exponential like form. For hole 

conductivity, the density of occupied states D(E) is given by 

 ὔ ὈὉὪὉȟὉ ὨὉ (2-6) 

where f(E,EF) is the Fermi-Dirac distribution for holes. By increasing the 

(negative) gate voltage, the Fermi level moves towards the hole conduction band and 

the deep traps become more and more filled until at a certain gate voltage (the onset 

voltage) states in the delocalized band and shallow trap states become filled as well and 

charge starts to flow in the channel. At lower temperature, the tail of the Fermi-Dirac 

distribution is less pronounced, thus a higher (negative) gate voltage is needed to fill the 

traps. This effect was observed in all temperature-dependent threshold voltage 

investigations and subsequently influences the applied effective gate potential UEff. 

2.2.2 Threshold Voltage Evaluation 

In Figure 2.6 the aforementioned threshold voltage (UTh) extraction from the 

Ὅ  vs UGS plot is shown. In this representation, UTh is then given by the intercept of 

this slope of the linear part with the abscissa. The threshold voltage itself, as observed 

for disordered organic field-effect transistors, is seen as a mere fit parameter by some 

authors, lacking a clear physical basis [75]. As a characterization parameter these 

authors suggest the onset voltage (UOn) to be used. According to their calculations, the 

onset voltage should be close to zero and in particular independent of the temperature. 

This is apparently not the case in our work, where the extracted onset voltages often 

deviate from zero and show a shift with temperature comparable to the threshold 

voltage. 
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Figure 2.6: Threshold voltage extraction from a drain current square root 

( Ὅ ) vs. gate bias (UGS) plot. 

2.2.3 Charge Carrier Mobility Evaluation 

One of the most commonly investigated parameters and therefore often the choice 

for comparing results between different materials and research groups is the charge 

carrier mobility µ. In a classical picture it is simply defined as the relation between the 

applied electric field (Ὁᴆ) and the resulting average charge carrier drift velocity (ὺᴆ): 

 ʈ
ȿὺᴆȿ

Ὁᴆ
 (2-7) 

For the analysis of the obtained OTFT transfer and output curves, we used the 

formalism for standard MOSFET devices [68,69]. Under the assumption that the 

mobility is constant along the channel and that the contact resistance at the metal-

semiconductor interface is low in comparison to the channel resistance, the saturation 

mobility (µSat) as a function of coverage can be extracted from the well-known formula: 

 Ὅ ὅʈ
ὡ

ςὒ
Ὗ Ὗ  (2-8) 

and consequently: 
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ὅὡ

Ὅ

Ὗ Ὗ
 (2-9) 

ÆÏÒ ȿὟ ȿ ȿὟ Ὗ ȿ π 

Therefore, ɛSat could be derived from the linearly fitted slope in a Ὅ  vs UGS 

plot (Figure 2.6). While the threshold voltage in some experiments shifted to quite 

negative values (down to -45 V and more), the effective gate voltage UEff used in the 

regime characterization remained at relatively low values compared to the applied UDS. 

This ensured the validity of the condition for the saturation regime, as stated above. 

In similar fashion, the linear mobility ɛLin was derived from the Ὅ  vs UGS plot 

representation for UDS = -3 V in all cases, ensuring the compliance with the condition 

for the linear regime: 

 Ὅ ὅʈ
ὡ

ὒ
Ὗ Ὗ Ὗ

Ὗ

ς
 (2-10) 

and consequently: 
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2.3 Formation of the Semiconducting Layer 

A crucial aspect in the manufacturing of OTFT devices is the deposition and 

formation of the semiconducting layer itself. As pointed out in chapter 2.2.1, the charge 

transport in organic materials relies heavily on an activated transition of charge carriers 

from the electrodes into the semiconductor, from molecule to molecule, and in between 

the grains of the polycrystalline material. It is evident, that in this case the layer quality 

in terms if crystallinity, preferential grain orientation and defect density are of major 

influence on the resulting charge transport properties. For the particular case covered in 

this work, the aforementioned ́-ˊ stacking between molecules is of critical relevance 

for the charge transport in the layer. Therefore, the maximization of this overlap through 

the selection of optimal deposition and growth conditions will be a focus throughout all 

the experimental sections. The study of the growth of rod-like organic molecules has 

been a major topic in a number of comprehensive publications [92ï96]. 
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In the following chapters, largely based on the works by Oura et al. [97], the 

fundamental principles of molecular deposition from the gas phase, adsorption and 

subsequent nucleation in the form of islands will be covered. Additionally, the 

formation of thicker layers and the thermal desorption of molecules will be discussed. 

2.3.1 Adsorption and Surface Diffusion 

When a solid substrate surface is exposed to a particle flux from the gas phase, the 

impinging molecules can adsorb on the surface when an attractive force between the 

adsorbate and the surface is present and the adsorption process is energetically 

favorable. This circumstance is intuitively described by the Lennard-Jones potential 

(VLJ) model for the approach of a particle to another, as displayed in Figure 2.7 and 

described by 

 ὠ τ%
‏

ὶ

‏

ὶ
 (2-12) 

with the depth of the potential well Ea, the distance for zero inter-particle potential 

ŭ and the distance between the particles r. The attractive force can be of physical and/or 

chemical nature and ranges in binding energy from meV to several eV, depending on 

the involved material systems and types of binding. This substrate-surface interaction is 

most prominent for the first monolayer of coverage, which is often labeled wetting 

layer, and subsequently weaker in the following layers, since the surface potential is 

then partially blocked by the already deposited material. 

 

Figure 2.7: Lennard-Jones potential between two particles, displaying the attractive and 

repulsive forces as a function of distance r (adapted from [98]). 
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In a general case, an impinging particle has to be in range of an attractive surface 

potential. The concept of a sticking coefficient s is introduced and defined by, 

 ί
ÎÕÍÂÅÒ ÏÆ ÁÄÓÏÒÂÉÎÇ ÍÏÌÅÃÕÌÅÓ

ÎÕÍÂÅÒ ÏÆ ÉÍÐÉÎÇÉÎÇ ÍÏÌÅÃÕÌÅÓ
 (2-13) 

for a given, available surface site. A number of parameters, such as the surface 

roughness, temperature, and existing coverage heavily influence the sticking, as does 

the impingement angle, kinetic energy and orientation relative to the surface of an 

incoming particle. 

Once a particle adsorbs, a number of surface diffusion related processes is 

possible, as displayed in Figure 2.8. In terms of the diffusion coefficient D the 

consideration of a random walk motion [97] yields 

 Ὀ
’ὥ

ᾀ
ϽÅØÐ

Ὁ
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ϽÅØÐ

Ὓ

Ὧ
 (2-14) 

with the attempt frequency for diffusion ’, the lattice constant a, the number of 

next-nearest neighbor sites z, the activation energy for diffusion EDiff and the diffusion 

entropy SD. As developed for the activated charge transport in the previous sections, the 

surface diffusion is once more highly dependent on the surface temperature. The 

diffusion energy EDiff is related to present potential barrier heights for specific diffusion 

steps and varies greatly with the surroundings of the diffusing particle, such as the 

number of nearest neighbors on, for example, step-edges versus a single particle on a 

large terrace. The actual rate of diffusion for a particle is then determined by the relation 

of this barrier height EDiff to the thermal energy kBT. 

 

Figure 2.8: Overview of possible processes and corresponding activation energies for 

an adsorbing particle [99]. 
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2.3.2 Island Nucleation and Film Growth Modes 

As outlined in Figure 2.8, adsorbates diffusing on a surface can either re-

evaporate into the gas phase, or if the adequate conditions are met, bind to a special site 

or other diffusing particles. The interaction with the nearest neighbors at sites such as 

kinks and steps, or the nucleation into islands with other adsorbates, significantly 

reduces the mobility of the diffusing species, inhibiting further diffusion processes. On 

an initially clean surface, island nucleation is the first step of adsorbate layer formation. 

In order to form these islands, for each material system a specific number of particles 

have to meet to ensure sufficient binding strength between them. This leads to the 

definition of the critical island size i, which denotes the number of particles found in the 

largest, non-stable cluster. Therefore, the addition of a single adsorbate particle during 

the lifetime of a cluster of size i leads to the formation of a stable island. The parameter 

i is once more strongly dependent on the material system and especially the surface 

temperature during the material deposition [99ï102]. 

With increasing surface coverage (Ū) more and more islands nucleate, leading to 

an increased island density. The involved mechanisms can either be described by the 

classical nucleation theory, of diffusion-limited aggregation [103,104] or attachment-

limited aggregation [95,105]. The initial nucleation often significantly influences the 

growth and properties of the film up to a thickness of several layers [93,96,106]. This is 

attributable to the fact that the number and form of islands, be it large, flat 

two-dimensional or structured, high three-dimensional, determine the coarseness and 

growth pattern for the subsequent layer formation. Once a nominal coverage of about 

0.2 monolayers (ML) is reached the system is referred to be in the aggregation regime, 

where number of islands stays nearly constant, and the islands subsequently grow with 

increasing adsorbate coverage. 

In general, changes in the island density are referred to as coarsening, which can 

be attained in different ways [97]. The coalescence of islands through merging of 

mobile ones is called dynamic or Smoluchowski ripening and is most prominent at low 

coverages around 0.1 ML, while the joining of islands as a result of increasing island 

size is termed as static coalescence and appears at 0.4 - 0.5 ML of coverage. The most 

significant related property for the formation of a charge conducting layer is the so-

called percolation threshold, which denotes the coverage necessary to form larger, 

interconnected structures, as necessary for charge transport between the drain and 

source electrodes. A third form of coarsening is Ostwald ripening, which describes the 
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thermodynamically driven growth of larger islands on the expense of smaller ones as a 

result of different vapor pressures related to the free energy at island edges. 

At a coverage of a full monolayer the classification of the system transitions from 

the wetting layer to the thin-fil m phase. All systems strife towards total free energy 

minimization, which manifests in an interaction between the different surface tensions 

for the substrate, the interface, and the adsorbate [107]. Under the condition that the 

system is in thermodynamic equilibrium the predominant, ensuing growth behavior with 

increasing coverage usually falls into one of the three categories displayed in Figure 

2.9. These range from pure island growth (Volmer-Weber) to pure layer-by-layer (Frank 

van der Merwe) growth and a mixture of both systems (Stransky-Krastanov), where the 

wetting layer fully closes before the system transitions into an island type growth mode. 

The final, prevailing morphology for a certain material system is subsequently 

determined by the relative bond strength between the substrate and the adsorbate in 

relation to the bond strength between adsorbate particles and therefore by an interplay 

of the thermodynamic and possible kinetic processes [97,108]. 

 

Figure 2.9: The basic thin-film growth modes (a) Volmer-Weber, (b) Frank van der 

Merwe and (c) Stransky-Krastanov [99].  

For the layer growth of organic molecules in the low coverage regime on the 

dielectrics covered in this thesis, the growth of comparably large and relatively flat 

islands was observed for all material systems. Since the closing of layers is directly 

related to the evolution of charge transport with increasing semiconductor coverage, the 

so-called Ehrlich-Schwoebel-barrier (ȹEES) for interlayer diffusion is of particular 

interest [109,110]. This barrier, as displayed in Figure 2.10, denotes the difference in 
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energy necessary for an adsorbate particle to overcome a step edge of an island structure 

in comparison to a normal diffusion step. The change in energy stems from the variation 

in the number of next nearest neighbors for a diffusing particle at the encounter of a step 

edge. The barrier therefore signifies the amount of energy it takes for a particle 

adsorbing on top of an island to hop down, as well as for a lower sitting particle to hop 

up onto an existing island [111]. The predominant thin-film morphology is heavily 

influenced by this barrier since the additional kinetic hindering in the layer formation 

prohibits the layer from reaching the absolute thermodynamic equilibrium 

configurations shown in Figure 2.9. A large Ehrlich-Schwoebel-barrier leads to the 

formation of high number of strongly cascaded islands, as particles adsorbing on top of 

existing islands have difficulties reaching lower layers, while a very low barrier entails 

the formation of large, flat islands as displayed [92,106]. 

 

Figure 2.10: Ehrlich-Schwoebel barrier for a down-hopping layer transition [97]. 

Another important aspect when it comes to island and subsequent layer growth is 

the orientation of the molecules within the islands and grains relative to the substrate 

and transistor electrodes. As pointed out before, the organic molecules analyzed in this 

thesis feature a rectangular, sheet-like structure based on a number of joined, flat 

benzene rings (Figure 1.2). These rings have to be geometrically aligned between 

neighboring molecules in order to achieve the overlap of ˊ-orbitals and subsequently 

reasonable charge transport. Additionally, for the investigated OTFT systems this ˊ-  ́

stacking alignment has to be oriented perpendicular to the dielectric surface, so that the 

formation of a current path between the source and drain electrodes becomes possible 

(Figure 2.1). It is reasonable to assume that all diffusing single particles and smaller 

clusters at the critical island size and below consist of flat-lying molecules, which also 

diffuse in this configuration along the surface. The desired upright standing 

configuration on the dielectric is therefore linked to a reorientation during the nucleation 

phase at a sufficiently high coverage [112]. This is intuitively dependent on the present 
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substrate ï adsorbate interaction during the nucleation process and entails specific 

criteria for the selection of a suitable gate dielectric: the interaction between the 

substrate and the diffusing molecules has to be strong enough to ensure adsorption and 

subsequently sufficient sticking of islands and layers to the substrate, while it also has to 

be weak in comparison to the adsorbate ï adsorbate interaction to allow the formation of 

islands and layers composed of upright standing molecules. This situation is achieved 

for all investigated dielectric ï organic semiconductor systems employed in this work 

and will be further discussed in the sections on the deliberate modification of this 

balance through surface modification. 
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3 ANALYTICAL METHODS 

This chapter covers the basic analytical principles employed throughout this 

thesis. A closer look into the foundations of thermal desorption spectroscopy, Auger 

electron spectroscopy and atomic-force microscopy will be supplied. 

3.1 Thermal Desorption Spectroscopy 

Next to the electrical characterization of OTFTs, temperature-programmed or 

thermal desorption spectroscopy (TDS) was the main analytical method used in the 

scope of this thesis. While the basic principle of TDS is rather simple [113ï115], 

namely the controlled desorption of the adsorbate as a function of temperature, it 

presents a powerful tool for the analysis of the adsorbate layer and ad/desorption 

process itself. Important parameters such as the thermal stability of the film, as well as 

involved desorption energies and kinetics can be extracted from a well calibrated 

system. Desorption spectra for a variation of coverages, heating rates and substrate 

temperatures during deposition allow, under specific conditions, the distinction between 

the present molecular orientations in the film and the analysis of dewetting, and surface 

decomposition processes. Additionally, data evaluation enables the calculation of 

sticking coefficients as a function of coverage. 

The principle of TDS relies on the increase in intensity of thermal vibrations of 

adsorbed molecules with increasing surface temperature. At a certain level these 

vibrations are strong enough to overcome the attractive potential well the particle is 

trapped in and a thermal desorption process is initiated. The required energy in order to 

desorb a particle is directly related to the attractive potentials involved in the preceding 
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binding process, which can therefore be described by rate equations. For the desorption 

of multilayers of non- or very weakly interacting particles, as it is the case for the 

desorption experiments in this thesis, these rate equations are referred to as the Polanyi-

Wigner equations for zero order or multilayer desorption, which assume a constant, full 

surface coverage of the adsorbate throughout the whole desorption process [97,113]: 

 ὙὝ ’ὔ ϽÅØÐ
Ὁ

ὯὝ
 (3-1) 

with the desorption rate R, the attempt frequency for zero order desorption ’, the 

molecular surface density of one full monolayer NML and the desorption energy EDes. 

EDes is equal to the heat of evaporation for the adsorbate and, in the case of a non-

activated adsorption, also equal to the adsorption energy. The pre-exponential factor ’ 

is usually in the order of 10
13

 s
-1
 for small non-interacting atoms [115]. It stems from 

transition-state-theory [116ï118], which denotes the ratio of the number of 

translational, rotational and vibrational degrees of freedom a particle experiences in the 

adsorbed and desorbed state. As a result of the geometric hindering by the surface and 

internal degrees of freedom present in multi-atom systems, it is apparent that the 

comparably large organic molecules investigated in this thesis experience a significant 

shift in the number of thermally excitable degrees of freedom upon entering the gas 

phase. This is especially true in comparison to small, mono-atomic particles [118] and 

leads to much higher values for ’ for large organic molecules [119], as will be 

highlighted in the result sections. 

Experimentally, TDS is most often realized by the in-line desorption of an 

adsorbate into a mass spectrometer under UHV conditions as a function of linearly 

increasing sample temperature. The high pumping speed in the UHV chamber ensures 

that a clear relationship between the registered partial pressure and the molecular flux of 

the desorbing molecule can be established. Large organic molecules tend to stick on 

contact with most surfaces in the vacuum chamber, making in-line detection necessary 

for meaningful data extraction. The higher prevalence of mass spectrometers as the 

detector of choice in comparison to simple pressure gauges, stems from the fact that, in 

contrast to the simple non-mass specific detection in pressure gauges, through in-line 

detection the monitoring of specific masses in the desorption flux becomes possible. In 

addition, large molecules and tend to fragment upon ionization in both detector types. 

Therefore a mass spectrometer can specifically detect the signals of fragmentation 

masses and yield information on the desorption process and possible decomposition 
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during the desorption from the sample surface for molecules, which is again not 

possible to deduce from a rise in overall pressure. A well-known cracking pattern of the 

involved materials is then necessary in order to attain reliable and exact results. 

Additionally, the angular distribution of the desorption flux, which is a cosine 

distribution in the ideal case, and the kinetic energy distribution of the desorbing species 

have to be kept in mind, especially its influence on the detection accuracy. 

As expected from equation (2-14), the desorption rate R is exponentially 

dependent on the sample temperature and increases up to a maximum at TM, where the 

rate then rapidly drops to zero as result of the diminishing surface coverage. In Figure 

3.1 representative spectra for the zero order desorption of epindolidione layers from a 

sputtered SiO2 sample are shown. In this graph the received data is represented without 

the temperature and background corrections necessary for meaningful parameter 

extraction, which will be discussed at a later point. The peak shapes and maximum 

desorption temperatures TM yield information on the involved desorption energies for 

the investigated systems. 

 

Figure 3.1: Exemplary thermal desorption spectra from a sputtered SiO2 surface for 

different epindolidione film thicknesses deposited at 300 K substrate temperature. 

Heating rate ɓ = 1 K/s. No temperature or background corrections have been applied. 

Generally, the shape, number and relative position of peaks in a TDS spectrum 

allows the distinction between wetting and multilayer desorption, and even the 






















































































































































































