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Zusammenfassung 

Die Verwendung organischer Materialien in elektronischen Bauteilen bietet enormes Potential in 

Bezug auf Kostenreduzierung, einem geringeren technologischen Aufwand bei der Herstellung sowie 

bei der Verwendung flexibler Substrate. Dabei werden nicht nur fortlaufend neue Anwendungsfelder 

erschlossen, sondern mehr und mehr auch anorganische Halbleiter in bestehenden Technologien 

ersetzt. Jedoch ist der Ladungstransport in organischen Halbleitern durch eine vergleichsweise 

kompliziertere Morphologie, verschiedenen Fallenzuständen, Korngrenzen sowie ein höheres Maß 

an Unordnung verglichen mit anorganischen Halbleitern bis heute nicht vollständig verstanden. 

Diese kumulativ verfasste Arbeit befasst sich mit der Untersuchung des Ladungstransportes 

verschiedener organischer Halbleiter als auch einzelner Kohlenstoffnanoröhren auf nanoskopischen 

Größenskalen unter Zuhilfenahme verschiedener Feldeffekttransistor-Geometrien und Gate-

Konfigurationen. 

Zunächst wurden verschiedene Polymerhalbleiter in einer vertikal angeordneten Kontaktgeometrie 

elektrisch charakterisiert, wobei sich zwischen den übereinanderliegenden Elektroden ein Isolator 

befindet. Dabei kann die Kanallänge durch die Dicke des Isolators zwischen den Elektroden mit 

Nanometer-Präzision kontrolliert werden. In dieser neu entwickelten Transistorstruktur wird die 

obere Elektrode abhängig vom Material des Isolators mittels Trocken- oder Nassätzen unterätzt. Die 

empfindlichen organischen Halbleiter werden im letzten Schritt aufgebracht. Dabei bleiben die 

intrinsischen Eigenschaften des organischen Halbleiters optimal erhalten und können durch 

nachfolgende Prozessschritte nicht verändert werden. Abhängig von der Wahl des Isolator-Materials 

können Kanallängen bis zu 2.4 Nanometer realisiert werden. Um trotz dieser kurzen Kanallängen eine 

ausreichende Kontrolle der Ladungsträgerkonzentration zu gewährleisten, wird als Gate der 

vertikalen organischen Transistoren eine ionische Flüssigkeit als Elektrolyt mit vergleichsweise hohen 

Kapazitäten verwendet. Vor dem Aufbringen der ionischen Flüssigkeit wird der organische Halbleiter 

mittels reaktiven Ionenätzen isotrop geätzt, wobei die obere Elektrode als Ätzmaske dient. Dadurch 

wird ein optimaler seitlicher Zugang der Ionen des flüssigen Elektrolyten zu dem ausschließlich 

zwischen den Elektroden vorhandenen organischen Halbleiter gewährleistet. Insgesamt werden drei 

verschiedene Polymerhalbleiter und drei verschiedene Isolator-Materialien untersucht. Bei der 

Verwendung von SiO2 als Isolator führt die Kombination von Kanallängen bis zu 40 Nanometer mit 

den hohen Kapazitäten des flüssigen Elektrolyten als Gate zu Rekordstromdichten von bis zu 3 MA 

cm-2, Transkonduktanzen von bis zu 5000 S m-1 und on-off Verhältnissen von bis zu 108. Bei 

hexagonalem Bornitrid als Isolator mit Kanallängen bis zu 2.4 Nanometer kann mit 65 mV dec-1 ein 
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Unterschwellanstieg nahe dem Raumtemperatur-Limit von 60 mV dec-1 realisiert werden. Zusätzlich 

können diese vertikalen organischen Transistoren bei sehr niedrigen Spannungen von bis zu 10 µV

betrieben werden.  

Ein weiteres mögliches Anwendungsfeld ist die Verwendung als neuromorphes Bauteil in hardware-

basierten künstlichen neuronalen Netzwerken. Bei der Verwendung flüssiger Elektrolyte als Gate 

können Transistoren als synaptischer Speicher fungieren, da die Ionen nach Anlegen einer Gate-

Spannung dazu neigen, innerhalb des organischen Halbleiters zu verweilen. Bei 

aufeinanderfolgenden Gate-Pulsen hängt die Leitfähigkeit der Transistoren demnach vom vorherigen 

Zustand ab. Hier kann ein Schalten der Leitfähigkeit über fünf Größenordnungen demonstriert 

werden.  

Im zweiten Teil der Arbeit werden einzelne Kohlenstoffnanoröhren mit Kanallängen von nur 10 

Nanometern mittels ionischen Flüssigkeit als Gate elektrisch charakterisiert und die Ergebnisse mit 

einem auf dem Landauer-Büttiker Formalismus basierten Modell verglichen. Die hohen Kapazitäten 

des flüssigen Elektrolyten ermöglichen auf den Durchmesser normierte Stromdichten von bis zu 2.57 

mA µm-1, on-off Verhältnisse von bis zu 104 und einen Unterschwellanstieg von bis zu 100 mV dec-1. 

Vergleicht man Messungen zu Beginn mit denen nach längerer Lagerung in Vakuum wird deutlich, 

dass das Einfangen von Elektronen die gleiche Art Hysterese verursacht wie die für ionische 

Flüssigkeiten charakteristische limitierte Diffusionsgeschwindigkeit der Ionen innerhalb des 

Elektrolyten. 

Der letzte Teil der Arbeit befasst sich mit der Untersuchung des Ladungstransports in einzelnen 

Polymerfasern im Bereich unter 50 Nanometern unter Zuhilfenahme zweier verschiedener Gate-

Konfigurationen, einem Oxid mit einer Phosphonsäure basierten selbst organisierten Monolage 

sowie hexagonales Bornitrid auf Graphit. Temperaturabhängige Messungen geben erste Hinweise auf 

einen band-artigen Ladungstransport. Die auftretenden Coulomb Oszillationen mit deutlich 

erkennbaren Coulomb Diamanten sind ein Beweis für die Bildung einer Reihe von Quantenpunkten 

bei cryogenen Temperaturen, wobei Ladungsträger nur über diskrete Energieniveaus fließen können. 

Im differentiellen Stabilitätsdiagramm sind zusätzlich angeregte Zustände in der Form von parallel 

zum Rand der Coulomb Diamanten verlaufenden Linien zu erkennen. Die Energieskala der 

gemessenen angeregten Zustände stimmt dabei gut mit Raman Messungen vergleichbarer Moleküle 

überein.  

Die hier erzielten Ergebnisse sollen zum Verständnis des Ladungstransports organischer Halbleiter 

auf der Nanoskala beitragen.  
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Abstract 

The application of organic materials in electronic devices offers huge potential in terms of cost 

reduction, ease of processability as well as the usage of flexible substrates. Indeed nowadays organic 

semiconductors (OSCs) not only open new fields of application, but also replace more and more their 

inorganic counterparts in existing technologies. However due to a substantial amount of 

conformational freedom resulting in complex morphologies, the presence of traps, grain boundaries 

and a larger degree of disorder compared to inorganic semiconductors, charge transport processes 

of organic semiconductors are still not fully understood. 

In this cumulative thesis, charge transport properties of different organic semiconductors as well as 

single walled carbon nanotubes (SWCNTs) are investigated at nanoscopic dimensions. For this 

purpose, different types of field-effect transistor (FET) geometries as well as gate configurations have 

been utilized.  

First, several polymeric semiconductors were electrically characterized in a vertical contact geometry. 

Here, the staggered electrodes are separated by an insulating spacer. One advantage of this 

configuration is that the channel length, given by the spacer thickness, can be controlled with sub-

nanometer precision. The main idea of this new developed vertical transistor structure lies in an 

underetched top contact, where both wet and dry etching can be applied depending on the spacer 

material. The deposition of the fragile organic semiconductor is the last manufacturing step. In this 

way the intrinsic OSC properties can be optimally maintained and remain uninfluenced by the 

successive process steps. Depending on the spacer material, channel lengths down to 2.4 nanometers 

can be realized. To guarantee a sufficient charge carrier density control via the gate electrode despite 

such short channel lengths, the vertical organic transistors (VOT) are gated via ionic liquids (IL) as 

electrolytes which exhibit very high capacitances. To enable an optimal lateral access of ions within 

the IL to the active channel, the organic semiconductor is isotropically etched via reactive ion etching 

prior to the IL gate deposition with the top electrode serving as an etching mask. This results in a well-

defined OSC channel between the two electrodes.  In total three different polymers as well as three 

different spacer materials are investigated. The combination of channel lengths in the nanometer 

region together with the high capacitances of electrolyte gates enable record on-current densities of 

up to 3 MA cm-2, transconductances of up to 5000 S m-1 and on-off ratios of up to 108 with SiO2 as 

insulating spacer. When using hexagonal boron nitride (hBN) as spacer material, a steep subthreshold 

swing of 65 mV dec-1 could be realized, which approaches the room temperature limit of                             

60 mV dec-1. Furthermore these devices can be operated at ultra-low bias voltages down to 10 µV.  
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Another potential field of application of electrolyte-gated VOTs is the usage as neuromorphic devices 

in hardware-based artificial neural networks. When gating with electrolytes, transistors can be used 

as a synaptic memory, as ions tend to remain in the semiconducting bulk after gate bias application. 

Hence when applying consecutive gate pulses, the device conductivity depends on its previous state. 

Here a record conductivity switching for neuromorphic systems over five orders of magnitude can be 

realized.  

In the second part of this thesis, single walled carbon nanotubes with channel lengths down to 10 

nanometers are electrically characterized using ILs as a gate and compared to a developed model 

based on the Landauer–Büttiker formalism. The high capacitances of ILs enables diameter-normalized 

current densities of up to 2.57 mA µm-1, on-off ratios of up to 104 and a subthreshold swing of up to 

100 mV dec-1. By comparing initial measurements and measurements after long vacuum storage, 

additionally to the well-established polarization effects with limited ion diffusion velocity being 

responsible for hysteretic behavior in the electrolyte gated devices, electron trapping is identified to 

cause the same type of hysteresis.  

In the last part, charge transport mechanisms of single polymer fiber transistors with channel lengths 

in the sub 50 nanometers regime are investigated. In this study, two different solid dielectric gate 

configurations, a hybrid oxide/phosphonic acid self-assembled monolayer (SAM) and a graphite/hBN 

gate has been used. Temperature dependent measurements indicate a regime of band-like transport. 

The occurring Coulomb oscillations with clearly observable Coulomb diamonds proves the formation 

of a series of quantum dots within a single polymer fiber at cryogenic temperatures. Here, charges 

can only be transported over discrete energy levels. In the differential stability diagram, also excited 

states in the form of lines running parallel to the Coulomb diamond edge are verified. The energy 

scale of the measured excited states compares well to Raman measurements of comparable 

molecules.  

The results achieved within this thesis should contribute to the understanding of charge transport 

mechanism of OSCs at the nanoscale. 
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Introduction 

Since the discovery of electrically conducting polymers by Heeger, MacDiarmid and Shirakawa in   

19772, huge progress has been made both in the development of new organic semiconducting 

materials as well as OSC devices. Compared to inorganic semiconductors, their advantages of low-

cost, large-scale and easy solution based processability already led to the commercialization of e.g. 

organic light emitting diodes (OLEDs) and organic solar cells. Furthermore big steps has been made 

for other future applications as e.g. sensors3,4, organic light emitting transistors (OLETs)5,6, organic 

laser diodes7,8 and also artificial synapses9,10 as a basis for hardware based artificial neural networks. 

One of the most versatile field, however, are organic field-effect transistors (OFETs), which could 

function as the fundamental building block of wearable electronics11, flexible and foldable displays12

or integrated circuits13. Nowadays, due to the discovery of novel OSC materials as well as device 

optimization, OFETs exceed the device performance in terms of mobility compared to their inorganic 

counterpart as e.g. amorphous silicon14. However, to access the whole potential of organic materials 

and to further improve existing and future device concepts, a full understanding of individual charge 

transport processes is inevitable.  

In the last couple of years it has become increasingly clear that there is no uniform model to describe, 

predict and compare the charge transport mechanism over the full range of OSCs. In fact, different 

theories have been successfully applied to different OSC systems according to morphology and 

microstructure 

The following part is adapted from the Manuscript in section 2.7.  

In general, the basis of charge transport in OSCs are delocalized electrons in the π‐molecular orbital 

of linked carbon atoms, where a larger π‐orbital overlap between individual molecules is favorable, 

since it improves charge delocalization. In molecular OSCs the well-defined crystalline morphology 

facilitates a theoretical understanding of charge transport mechanisms. In polymeric OSCs however 

the solid-state microstructure is determined by weak van-der-Waals forces between single polymer 

chains, which results in a large variety of intermolecular packing due to the conformational freedom 

of the polymer chains. In the schematic in Figure 1.1, two types of ordered phases exist, namely 

crystallites or aggregates. While aggregates reveal order solely in the π‐stacking direction, crystallites 

display additional order in the alkyl-stacking direction15 (see Figure 1.2). In these ordered regions the 

most efficient charge transport occurs at the shortest length scales (typically a few nanometers) 

within femto- to picoseconds1 along the polymer backbone within single polymer chains (intrachain).  



1 Introduction 

2 

This ordered regions are very efficiently connected via intercrystalline chains, called tie chains. At  

longer length scales within ordered regions, charge transport is dominated by interchain hopping, 

which is two to three orders of magnitude slower compared to intrachain transport16. Charge 

transport via the typically non-conjugated side-chains is almost negligible17 and they e.g. define the 

polymer’s solubility as well as the relative stacking of chains. Finally, charge transport in the 

amorphous regions is very inefficient due to a lack of π‐stacking order. All together the different 

length scales in the mesoscale of a polymer film lead to the presence of multiple charge transport 

processes. This implies that transport at the typical transistor channel lengths in the micrometer 

range needs to be regarded as a multiscale process and is usually limited by transport through 

amorphous regions. As a result, the theoretical and experimental characterization is very complex 

and optimization of the microstructures of polymer films is difficult. This becomes even clearer 

Figure 1.2 Schematic of possible charge transport exemplary shown for polythiophenes along the 

π-π direction, the conjugated backbone and the isolating alkyl side chain direction.

Figure 1.1 Schematic of the microstructure of conjugated polymers illustrating different length 

scales. The mesoscale of a polymer film comprises ordered and amorphous regions. Ordered regions 

(blue), either consisting of crystallites (long-range order) or aggregates (short-range order), can be 

interconnected via tie chains. Adapted from ref 1. 
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considering that contrary to the general expectation that a higher degree of crystallinity is 

accompanied by an improved charge transport, it has been shown that in specific cases less crystalline 

donor-acceptor (D-A) copolymers consisting of alternating electron-rich and electron-deficient units 

along the polymer backbone exhibit an improved charge transport behavior18–20. The high 

performance of these quasi-amorphous polymers is related to a minimized energetic disorder and a 

facilitated charge transport along the almost torsion-free, planar and rigid polymer backbone. From 

the above description it becomes clear that to obtain a more unified picture of charge transport in 

polymer thin films, it would be advantageous to be able to address the described individual charge 

transport processes occurring at each specific length scale separately. While several general works 

describing transport at ultrashort length scales in molecular break junctions21–23 and macroscopic 

deices14,24 are available, the focus of this work lies on the investigation of charge transport in the 

hard-to-probe scale of crystalline aggregates or few molecular chains. To this end, polymeric OSCs as 

well as SWCNTs are electrically characterized using various FET structures with nanoscopic device 

dimensions and different gate configurations. Specifically, the newly developed IL gated vertical OFET 

structure exhibit continuous on-state current densities of more than 1 MA cm-1, which brings organic 

and inorganic semiconductors on the same level in this respect. Additionally the usage of these 

devices as artificial synapses is demonstrated. Neuromorphic devices are the building blocks for 

artificial neural networks, which can be used to emulate the learning process in human brains. Hence, 

they would allow to solve not completely deterministic problems via parallel instead of sequential 

processing (as in conventional computers). The origin of conductance memory behavior lies in the 

electrochemical doping of the OSC bulk, where ions remain in the channel after applying VGS pulses. 

In the last part of the thesis, electrical transport in single polymer fibers is investigated. At cryogenic 

temperatures, Coulomb effects and size quantization is demonstrated in the form of Coulomb 

oscillations and Coulomb diamonds in the differential stability diagram. These findings provide novel 

insights of charge transport over discrete energy levels in nanoscopic organic systems. 

This cumulative thesis is organized as follows. In chapter 2, the theoretical foundations in addition to 

the review manuscript M1 are briefly introduced. After a short general discussion of OSCs, the 

electrical characteristics of OFETs context of metal-oxide-semiconductor field-effect transistors 

(MOSFETs) are derived. Thereafter, different effects that might lead to deviations for short channel 

length devices are introduced. In the next part, the mechanism of using electrolytes as a gate is 

presented. In the last two sections, first different concepts of vertical organic transistors are 

introduced, and second the underlying theory of Coulomb blockade to describe the results of single 

polymer fiber transistors at cryogenic temperature is described. The third chapter comprises all 

device fabrication and characterization steps that are not covered by the attached publications. In 

chapter 4 results of electrolyte-gated VOFETs beyond the associated publications are shown. Chapter 

5 is dedicated to the results and discussion of single polymer fiber transistors using two different gate 
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configurations. While in the first part, electrical measurements at room temperature are shown, the 

second part discusses temperature dependent measurements. In the last part, Coulomb blockade 

oscillation with the formation of well-defined Coulomb diamonds at cryogenic temperatures are 

presented.  The thesis concludes with a summary of the work an outlook in chapter 6.  



Theoretical Foundations 

In this chapter the fundamental principles and theories that are not covered by the manuscript M1 

are presented. The article is attached as full text in section 2.7. First, the fundamentals of organic 

semiconductors are briefly presented. Since charge transport is solely investigated with the aid of 

different field-effect transistor structures, the theoretical derivation is given in the second section, 

followed by a detailed discussion of vertical organic transistors. In the next section, IL gating as an 

alternative to solid dielectrics, is discussed. Finally charge transport dominated by Coulomb effects 

and size quantization occurring for nanostructures at low temperatures is presented.

Fundamentals of organic semiconductors 

Here, in addition to the manuscript M1 in section 2.7, the basic concepts of organic semiconductors 

are discussed, following the references25,26. The term “organic” implies that the basis is of these 

materials is built by carbon and hydrogen atoms. In general, organic semiconductors can be classified 

in two groups, small molecules and polymers. The fact that organic materials are able to transport 

charge carriers stems from the ability of carbon to form hybridized states, i.e. a mixed stated of 

different orbitals. The most favorable sp2 hybridization results in three in plane σ‐bonds and one out 

of plane π‐bond. The electrons in σ‐bonds are localized and cannot contribute to charge transport. 

The delocalized electrons in the π‐molecular orbital of linked carbon atoms with alternating single 

and double bonds in conjugated chains or aromatic rings build the basis of charge transport in organic 

materials. In inorganic semiconductors, the band structure is characterized by the formation of a 

periodic lattice potential due to the crystal nature of covalently bonded atoms, resulting in valence 

and conduction bands. In organic semiconductors, the molecular orbitals are filled up with electrons 

up to the highest binding π‐state, referred to as highest occupied molecular orbital (HOMO), which 

compares to the conduction band. The next empty molecular orbital, the lowest antibinding π*‐state, 

referred to as the lowest unoccupied molecular orbital (LUMO), can be considered as the conduction 

band and is separated from the HOMO by an energy gap, i.e. the band gap. Depending on the relative 

values of the HOMO and LUMO levels in respect to the work function of the source and drain material, 

OSCs can transport holes (p-type) and electrons (n-type).  

Due to complex morphologies, large conformational freedom, different trap states (e.g. grain 

boundaries or impurities) and a larger degree of disorder compared to inorganic semiconductors, 

there is no uniform model to describe the charge transport mechanism over the full range of organic 
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semiconductors. An overview of the most prominent models is given in the manuscript M1.  

Electrical characteristics of field-effect transistors 

Throughout this thesis charge transport properties of organic semiconductors at the nanoscale were 

investigated using different FET geometries. In general, FETs are three-terminal devices with a gate 

electrode separated from the semiconductor (SC) by a dielectric and the source and drain electrode 

in direct contact with the SC (see Figure 2.1 a)). The theoretical description in addition to the FET 

section in the manuscript M1 is following the textbook of S. M. Sze27 for MOSFETs assuming the 

following conditions:  

 No interface traps or mobile charges in the dielectric 

 Charge transport is caused by drift current 

 Gradual channel approximation: the transversal electric field (controlled by the gate source 

voltage VGS) is much larger than the longitudinal electric field between the source and drain 

electrode (controlled by the drain source voltage VDS) 

 A uniform doping throughout the SC channel 

Figure 2.1 p-type FET. a) Schematic illustration with bottom-gate bottom contact architecture in 

saturation mode. The characteristic length scales channel length Lch, channel width W and insulator 

thickness ddiel are indicated. b) Idealized output characteristics with the linear regime marked in red 

and the saturation regime in blue.  
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Applying a bias VGS between gate and source electrode accumulates charges at the semiconductor 

dielectric interface, also referred to as conducting channel, according to a capacitor model with 

capacitance Ĉ, the vacuum permittivity ε0 and the dielectric constant εr and thickness ddiel of the 

dielectric layer: 

Ĉ = 𝜀0𝜀𝑟/𝑑𝑑𝑖𝑒𝑙. (2.1) 

The current flow of these accumulated charges can be controlled by applying a voltage between the 

drain and the source electrode VDS.  Based on the number of induced charge carriers Q(x) at a point 

x in the conductive channel with  

𝑄(𝑥) = Ĉ(𝑉𝐺𝑆 − 𝑉𝑡ℎ − 𝑉(𝑥)) (2.2) 

and the threshold voltage Vth (see manuscript M1), a general expression for the drain current ID can 

be derived: 

𝐼𝐷 =
𝑊

𝐿𝑐ℎ
𝜇 Ĉ [(𝑉𝐺𝑆 − 𝑉𝑡ℎ) 𝑉𝐷𝑆 −

𝑉𝐷𝑆
2

2
]. (2.3) 

with the channel width and length W and Lch (see Figure 2.1 a)) and the charge-carrier mobility µ. The 

operation of FETs can be differentiated in the subthreshold, linear and saturation regime. In the 

subthreshold regime with VGS < Vth, where charge carriers begin to accumulate without a continuous 

conducting channel, ID increases exponentially with VGS. In this regime, charge transport is dominated 

by diffusion and the derivation of equation 2.2 is not valid. This region, quantified by the subthreshold 

swing SS, with  

𝑆𝑆 =
𝜕 𝑉𝐺𝑆

𝜕 log (𝐼𝐷)
=
𝑘𝐵𝑇

𝑞
ln(10) (1 +

𝑞 𝑁𝑖𝑡

Ĉ
) (2.4) 

characterizes, how sharply a FET can be turned on by varying VGS. With the Boltzmann constant kB

and the elementary charge q, the SS strongly depends on the deep interface trap density Nif at the 

semiconductor dielectric interface.  

In the linear regime, where VGS - Vth > VDS with a uniform charge-carrier density across the conductive 

channel, ID increases linearly with VDS and equation 2.2 can be simplified to:  

𝐼𝐷,𝑙𝑖𝑛 = 𝜇𝑙𝑖𝑛
𝑊

𝐿
Ĉ(𝑉𝐺𝑆 − 𝑉𝑡ℎ)𝑉𝐷𝑆 . (2.5) 

Once VDS = VGS - Vth, all charge carriers near the drain are collected by the drain electrode and the 

channel is disrupted (transition from the linear to the saturation regime). This so-called pinch-off 

point is moving from the drain to the source electrode with increasing VDS, whereby also the depletion 
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zone at the drain electrode increases (see Figure 2.1 a)). As the potential at the pinch-off point is 

constantly VGS - Vth, ID becomes VDS independent and saturates according to equation 2.2. to 

𝐼𝐷,𝑠𝑎𝑡 = 𝜇𝑠𝑎𝑡
𝑊Ĉ

2𝐿
(𝑉𝐺𝑆 − 𝑉𝑡ℎ)2. (2.6)

Figure 2.1 b) shows the simulated drain current according to equations 2.5 and 2.6 with the transition 

between linear and saturation regime at VDS = VGS - Vth (dotted line).  

The mobilities for the different regimes are given by 

𝜇𝑙𝑖𝑛 =
𝐿

Ĉ𝑊𝑉𝐷𝑆

𝜕𝐼𝐷𝑆,𝑙𝑖𝑛

𝜕𝑉𝐺𝑆
(2.7)

and 

𝜇𝑠𝑎𝑡 =
2𝐿

𝑊Ĉ
(
𝜕√𝐼𝐷,𝑠𝑎𝑡

𝜕𝑉𝐺𝑆
)

2

. (2.8)

Although the operation mode of OFETs (accumulation) differs from that of standard MOSFETs 

(inversion), it is still valid in good approximation to describe the electrical characteristics by the 

derived formalism28. Here the following additional conditions have to be fulfilled: 

 The conductive channel resistance must be substantially larger than the contact resistances 

at the source and drain electrodes 

 The channel length Lch has to be significantly smaller than the channel width W

 The mobility µ has to be charge-carrier density independent (i.e. VGS-independent) 

In general, the mobility is the figure of merit to classify and compare the device performance of 

OFETs29. However, it has been shown that a lot of groups presented overestimated mobility values in 

the past. The hurdles and criteria that have to be fulfilled for a valid mobility extraction can be found 

in ref.30 and have also been addressed in an own section in the manuscript M1.  

Deviations from ideal FETs 

This thesis mainly focuses on organic transistors with channel lengths in the nanometer regime. Here, 

various so-called short-channel effects as well as an increasing influence of contact resistances have 

to be considered.  
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2.3.1 Contact resistance 

In any type of electronic device used to investigate charge transport, special care has to be taken to 

distinguish material-specific properties from device-related effects. One of the most prominent 

influences arises from non-negligible contact resistances at the metal semiconductor interface, 

where charge carriers are in- and ejected. One assumption of the derivation in section 2.2 for OFETs 

is that the total resistance is dominated by the channel resistance with negligible contact resistances, 

i.e. the OSC is the limiting factor of charge flow. In contrast to the case of e.g. silicon transistors with 

highly doped regions as source and drain contacts and hence almost no contact resistances, the 

contacts in OFETs are realized by direct metal semiconductor interfaces. This interface is described 

by a Mott-Schottky model, where the barrier height is given by the difference between the OSC 

HOMO or LUMO level (for holes and electrons) and the work function of the metal electrode24. 

Ohmic-like behavior can be achieved by choosing metals with work functions close to the HOMO or 

LUMO level, in order to avoid high barriers which might lead to reduced overall currents and a 

superlinear current increase in the linear regime in the output characteristics.  As the channel 

resistance scales with Lch, contact resistances in short channel devices can reach the same magnitude 

as the channel resistance and the FET is operated in the contact-limited regime.  

To assess the intrinsic properties of the OSC under investigation by FET measurements, the influence 

of contact resistances should, if possible, always be characterized by e.g. four-point probe 

measurements31 or the transfer line method32.   

2.3.2 Short-channel effects 

Short-channel effects always arise when the dimensions of FETs are scaled down in a way that the 

gradual channel approximation is not valid, i.e. when the lateral drain source field is comparable to 

the vertical gate source field27. As a consequence, the potential distribution in the channel becomes 

two dimensional, which results in deviations from the ideal FET characteristics. An overview about 

the existing short-channel effects in OFETs can be found in ref.33. One effect that is frequently 

observed when reducing Lch is an absence of saturation in the output characteristics above the pinch-

off point. As explained above, increasing VDS in the saturation regime shifts the pinch-off point from 

the drain to the source electrode. Hence, Lch is reduced by the length of the depletion region ΔL (see 

Figure 2.1 a)), resulting in an effective channel length Leff = Lch – ΔL. This effect, which is called channel-

length modulation, always occurs and can be neglected for long channel length devices where ΔL << 

Lch. However, when the size of the depletion region becomes comparable to the channel length, the 

effective channel length reduces with increasing VDS, i.e. becomes VDS dependent. According to 

equation 2.6, this results in increasing drain currents for increased VDS in the saturation regime 28. 

Another short-channel effect that has been observed in the course of this thesis is drain-induced 

barrier-lowering (DIBL), which is characterized by a reduction of Vth with increasing VDS
34,35. Speaking 
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in the picture of MOSFETs, the drain bias can reduce the barrier at the source electrode when the 

depletion region of the drain reaches the source due to channel length modulation. As a 

consequence, for higher VDS more charge carriers can be injected, the transistor is turned on 

prematurely and Vth reduces27. 

Short-channel effects can be avoided to a certain extent by scaling down all device dimensions so 

that the gradual channel approximation still holds true. However, when decreasing e.g. the dielectric 

thickness, increasing leakage currents and tunneling have to be considered.  Another possibility to 

realize sufficient gate coupling is the usage if ILs with very large capacitances, as will be explained in 

the next section. 

Ionic liquid gating 

In order to stay within the gradual channel approximation, when decreasing the channel length also 

the gate capacity has to increase. In recent years, the high capacity of 1 - 10 µF cm-2 36 of ILs, i. e. 

liquid salts, has been utilized to fabricate high-performance electrolyte-gated OFETs37–39, whereby 

the ion-conducting and electronically-insulating electrolyte works as a gate insulator. Here, either the 

IL itself, or a solid gel composed of an IL is embedded in a polymer matrix, can be used. The following 

derivation regards p-type OSCs and is schematically shown in Figure 2.2, whereby n-type OSCs can be 

treated analogously. Without an external potential, the ions within the IL are randomly distributed. 

By applying a negative voltage at the gate electrode, cations are attracted and form an electric double 

Figure 2.2 Schematic illustration of electrolyte gating for p-type OSCs. a) Electrostatic gating with 

the formation of an EDL for impermeable OSCs and b) electrochemical doping for permeable OSCs. 

Note: The gate potential is applied to the reference grounded source electrode.  
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layer (EDL) at the electrolyte gate-electrode interface. OSCs can be either impermeable (Figure 2.2 

a)) or permeable (Figure 2.2 b)) to ions of the IL40. If the OSC is ion impermeable, the applied gate 

voltage induces an accumulation of anions at the electrolyte-OSC interface, which in turn leads to an 

accumulation of holes in the OSC. The formed EDL can be seen as a capacitor with a thickness of only 

2 nm 41,42.  The resulting high capacitances according to equation 2.1 lead to very high carrier densities 

and hence to very high currents at low voltages (see equations 2.5 and 2.6). As almost the whole 

applied gate potential drops across the two EDLs in quasi-static operation, the electrolyte bulk is 

electrically neutral43. For ion-permeable OSCs, an applied gate voltage again results in the formation 

of an EDL at the electrolyte gate-electrode interface, whereas anions at the electrolyte OSC interface 

can penetrate and accumulate holes in the whole bulk of the OSC. This mechanism is also called 

electrochemical doping and mostly occurs for polymeric OSC systems44. As both ions, cations and 

anions, might diffuse into the OSC bulk upon changing the gate-bias potential, the OSC bulk can also 

be depleted and the whole process of electrochemical doping is reversible45,46. The theoretical 

description of this three dimensional capacity more sophisticated47,48 and still an important area of 

research. Other advantages of electrolyte-gating aside from high capacitances are reduced contact 

resistances49 and the possibility to print solid electrolytes39,43,50. However, due to the limited ion-

diffusion velocity, the switching frequency of electrolyte-gated devices are currently limited to the 

kHz regime and will probably not exceed a few MHz51. To ensure a stable operation special care has 

to be taken to stay within the electrochemical window, i.e. the anodic and cathodic limits, which are 

defined as the difference between the reduction and oxidation potential of anions and cations. 

Exceeding this window results in irreversible reduction and oxidation of anions and cations, 

respectively.  

In the course of this thesis solely the IL 1-Ethyl-3-methylimidazolium-bis(trifluormethylsulfonyl)imid 

[EMIM][TFSI], provided by BASF SE, was used. Depending on the water content, whereby a higher 

amount of water molecules within the hydrophilic ILs results in narrowing of the electrochemical 

window at both the anodic and cathodic limits, most likely caused by water electrolysis52, different 

anodic (1.7 – 2 V) and cathodic (-2 – -2.4 V) limits for [EMIM][TFSI] can be found in literature53,54.  

Vertical organic transistors 

Compared to conventional OFETs with a planar structure, the source and drain electrodes in VOTs 

are stacked vertically on top of one another. Since the first VOT presented by Yang and Heeger in 

1994 55, huge progress was made in improving the device performance. Nowadays VOTs exceeds the 

performance of lateral OFETs with current densities in the MA cm-2 regime56 and a record transition 

frequency (the highest frequency where the transistor is still able to amplify electrical signals) of 40 

MHz 57. With limited mobilities as a material specific parameter of the currently available materials, 

a promising way to improve the device performance is to shorten the channel length Lch, as the 



2 Theoretical Foundations 

12 

transition frequency scales with ≈µ Lch
-2 58 and the saturation current with µ Lch

-1 (see equation 2.6). 

Downscaling of the channel length in lateral devices is very challenging and demands high-resolution 

structuring techniques which would contradict the entitlement of low-cost, large-area and easy to 

fabricate organic electronic devices. In contrast, by a vertical alignment of the source and drain 

electrodes with a channel length determined solely by the sandwiched organic semiconductor layer 

respectively a thin isolating spacer, short-channel devices in the sub 100 nanometer regime can be 

easily realized. The arising obstacle of preventing the source and drain electrode from screening the 

gate field resulted in a huge variety of VOT device concepts, which can be roughly categorized into 

organic permeable base transistors (OPBTs), organic static induction transistors (OSITs), Schottky 

barrier vertical organic field-effect transistors (SB-VOFETs) and vertical organic field-effect transistors 

(VOFETs) (see Figure 2.3). The following overview is guided by refs. 59–61. The operation principle and 

device architecture of OPBTs and OSITs with a nearly pure vertical and negligible lateral charge 

transport can be compared to the concept of a vacuum triode. Nowadays OPBTs are one of the most 

promising types of vertical organic transistors due to large current densities, reasonable on-off ratios 

and record switching behavior62–64. OPBTs comprise of a staggered charge-carrier injecting (emitter) 

and extraction (collector) electrode with the OSC layer in between, whereby the carrier-injection is 

controlled by applying an emitter-collector bias VCE. The thin metal electrode (base) embedded in the 

OSC, is used to control the current flow from the emitter to the collector by a potential difference VBE

between the emitter and the base. Hence, the base electrode in OPBTs has to be highly transparent 

(permeable) for charge carriers to let them pass, and also sufficiently insulating, in order to keep 

Figure 2.3 Schematic illustration of different vertical organic transistor concepts. a) Organic 

permeable base transistor, b) organic static induction transistor, c) Schottky barrier VOFETs and d) 

two exemplary types of step-edge VOFETs.  
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leakage currents into the base as small as possible, which can e.g. be realized by thin native oxide 

layers,. Typical base electrodes are very thin metal films with nanometer sized pinholes65 or porous 

metal films66. 

OSITs are a special version of OPBTs, where in contrast to the rather self-assembled base electrode 

of OPBTs, the base electrode of OSITs is fabricated prior to OSC deposition by conventional 

structuring techniques67,68. This additional degree of freedom enables a more flexible device control 

of the most delicate part of these types of transistors. Moreover, insulating layers might be applied 

to reduce the off-current.  

In SB-VOFETs, which can be regarded as organic Schottky diodes with an additional gate electrode, 

the OSC is sandwiched between vertically aligned source and drain electrodes. The gate electrode, 

separated by an insulator, lies below the source electrode. An effective charges-transport control can 

only be guaranteed if the gate electric field is not fully screened by the source electrode. This can be 

realized e.g. by perforated source electrodes69,70 or porous networks of nanowires71 or carbon 

nanotubes72. In the off state, charge-carrier injection is limited by the Schottky barrier at the source-

semiconductor interface. The height of the Schottky barrier can be modulated by the applied gate 

potential. Hence, instead of tuning the charge-carrier density in the OSC, the working principle is 

related to a change of the contact resistance at the source electrode.  

Aside from the above presented vertical organic transistor concepts and the electrolyte-gated VOFETs 

in publication A1 and A3, both attached as full text in the appendix, all of them exhibiting truly vertical 

channels, there are a lot of proposals covering both lateral and vertical transport73–76. These so called 

step-edge VOFETs with vertically displaced source and drain electrodes and a gate-bias modulated 

charge-carrier density are the most similar representatives of VOTs compared to conventional OFETs 

in terms of structure and operation. The main difference is that charge transport is not limited 

anymore to the small accumulation layer at the semiconductor insulator interface. 

Although the best vertical organic transistors already outperform the best lateral transistors, direct 

comparison between lateral and vertical devices is very delicate and well described in ref.59. Especially 

the charge-carrier mobility µ as the figure of merit in planar devices is much more challenging to 

calculate. Due to different working principles of the presented vertical device concepts as well as a 

potential superposition of lateral and vertical charge transport, the derivation in section 2.2 not 

necessarily holds true. Furthermore, in vertical transistors charge transport is not limited to a 

nanometer-thick accumulation layer at the dielectric semiconductor interface, as has been widely 

demonstrated for planar OFETs77–79. In fact the whole OSC bulk is contributing to charge transport. In 

summary, the detailed operation mechanism of vertical organic transistors is still poorly understood 

and different device concepts have to be treated individually. Instead of the mobility, different 

parameters such as current density, on-off ratio, SS value or transition frequency can be used to 

evaluate the device performance.  

The intention of all types of vertical organic transistors is to find an easy way to fabricate short- 
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channel devices with improved performances. Here, the inherently accompanied increasing influence 

of short-channel effects and contact resistances has to be considered. 

Coulomb blockade 

In order to address charge transport in highly ordered regions of polymeric semiconductors, single 

polymer fibers with nanoscopic dimensions has been fabricated. Here, especially at low 

temperatures, one has to consider size quantization as well as Coulomb interactions. These effects 

occur in nanostructures with sizes in the range of the Fermi wavelength (i.e. the de Broglie-

wavelength of electrons at the Fermi level). From the first evidence in 1968 80 Coulomb effects have 

been demonstrated for a variety of systems such as e.g. single walled carbon nanotubes81,82,         

metals83, and semiconducting nanowires84,85, 2D materials as graphene86 or MoS287, single     

molecules88,89 and even single atoms90. In the field of OSCs, Coulomb interaction was shown for 

polymer fibers in two-terminal devices91,92, for molecular OFETS93,94 and for single molecule 

transistors95,96. The following derivation is guided by refs. 97–100. Whenever decreasing the extension 

of a structure, simplified from here as island, in at least one dimension, the number of charges on this 

island is quantized (Q = ne, n ∈ ℕ). If this nanostructure comprises the channel of a FET, the charging 

behavior of such systems can be treated with the picture of a single electron transistor, depicted in 

Figure 2.4.The island with a total capacitance of CΣ is coupled via tunnel barriers to electron reservoirs, 

which can be referred to as source (drain) with resistance RS and capacitance CS (RD, CD). Additionally, 

the island is coupled to a gate with capacitance CG.  

In contrast to metallic islands with a comparably large electron density, in semiconducting islands 

aside from charge-quantization effects also quantum-confinement effects have to be considered. In 

such systems the transport can be described with the constant interaction model101. As the islands 

Figure 2.4 Schematic illustration of a single-electron transistor. The island is coupled via tunnel 

barriers to the source and drain electrode.  
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usually comprises of quantum dots, from here these terms are used analogously. The energy needed 

to add an electron to the island Eadd can be derived from the difference between two neighboring 

energy levels, represented by the chemical potentials: 

𝐸𝑎𝑑𝑑 = 𝜇(𝑁+1) − 𝜇(𝑁) =
𝑒2

𝐶Σ
+ 𝐸(𝑁+1) − 𝐸(𝑁) (2.9) 

with Ech = e2/CΣ being the charging energy of the island and Δ = E(N+1) – E(N) the single-particle energy-

splitting due to quantum confinement. For metallic or large semiconductor quantum dots the splitting 

energy is negligible.  

At small VDS and sufficiently small temperatures, the energy needed to add an extra electron to the 

island can be larger than the thermal energy (kBT << e2/CΣ + Δ). The current through the island can be 

illustrated by the energy diagrams of a double tunnel barrier configuration, depicted in Figure 2.5. In 

the case, where the number of charges on the island N is fixed, the potentials of the source and drain 

electrode, represented by µS and µD, lie in between two energy levels µ(N) and µ(N+1) of the island 

(middle of Figure 2.5). This regime, where no charges can flow through the island, is called Coulomb 

blockade. By tuning VGS, the ladder of the chemical potential µi inside the island can be shifted in a 

way, that e.g. µ(N+1) aligns with µS. An additional electron can now tunnel through the barrier RS. The 

gate coupling factor α = CG / CΣ denotes the relationship between the intrinsic energy scale of the 

island and the distance of two experimentally observed consecutive conductance peaks by tuning 

VGS. If also µS ≥ µD, the number of charges on the island fluctuates between N and N+1 and current 

can flow from source to drain, which is experimentally addressable as a peak in conductance (left of 

Figure 2.5 Energy diagram for a quantum-dot transistor. Two tunnel barriers connect the source and 

drain electrode to the quantum dot. Middle: The transport is blocked with a fixed number of N 

electrons on the quantum dot, if the source and drain chemical potentials are in between two states 

of the quantum dot µ(N) and µ(N+1). Left: An additional electron (N+1) can tunnel through the barriers 

RS or RD by shifting the ladder of the chemical potential via VGS, which results in a conductance peak. 

Right: Transport through the quantum dot by changing VDS. 
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Figure 2.5). By continuously varying VGS, the conductance peaks occur every time when the number 

of charges on the island is not fixed and current can flow from source to drain. The resulting Coulomb 

blockade oscillations are illustrated in Figure 2.6 with two scenarios for different quantum dot sizes. 

For comparably large sizes, the splitting energy Δ is negligible and the conductance peaks exhibit 

regular spacing. When decreasing the size of the quantum dot in Figure 2.6 b), Δ exceeds the charging 

energy Ech, which results in irregularly spaced oscillations. The same argumentation holds true when 

tuning the height of µD respective µS by applying a source drain bias VDS (right of Figure 2.5).  

In the (VGS,VDS)-conductance map, each of the resonances at specific VGS and VDS values causes two 

straight lines that separates regions where current is blocked and allowed (see Figure 2.7). The white 

diamond shaped areas mark the blockade regime and are referred to as Coulomb blockade diamonds 

with a fixed number of electrons. Note that for the sake of simplicity the Coulomb diamond plots are 

drawn for large quantum dots with negligible Δ. Considering Δ for small sized dots would lead to 

different sized Coulomb diamonds. In the light grey regions, the number of electrons can fluctuate by 

2, i.e. two electrons can tunnel simultaneously through the barriers and the island. In the dark grey 

regions, more than two electrons can tunnel through the dot. At VDS = 0 V, the chemical potentials of 

µ(N) and µ(N+1) align at the crossing points, marked by red circles in Figure 2.7 a). The spacing ΔVGS

between these two points is according to equation 2.9: 

Δ𝑉𝐺𝑆 =
1

𝑒 𝛼
(
𝑒2

𝐶Σ
+ Δ) . (2.10) 

Here, the gate coupling factor α = CG / CΣ denotes the relationship between the intrinsic energy scale 

of the island and the distance of two consecutive conductance peaks. The upper vertex of the 

diamond, which is given by the crossing point where µS = µ(N) and µD = µ(N-1) (vice versa for the lower  

Figure 2.6 Coulomb peaks for different quantum dot sizes. a) Periodic oscillations for a dot size of 

100 nm. b) Irregularly spaced oscillations for a dot size of 10 nm, where the single particle spacing Δ

due to quantum confinement is non-negligible. Adapted from ref.70. 
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 vertex), marked by blue circles in Figure 2.7 a), is defined by ΔVDS = 1/e (e2/CΣ + Δ). Hence, α can be 

directly extracted by comparing the upper or lower vertex of the diamond with ΔVGS. The slopes of 

the two lines of the diamond, β = CG/(CG + CD) and γ = -CG/CS, represent the coupling of the source and 

drain electrode to the island. Another possibility to extract α stems from the relation 1/α = 1/β + 1/γ. 

In Figure 2.7 a) similar tunnel barriers and hence symmetric coupling is assumed, which results in 

symmetric and straight Coulomb diamonds with similar slopes (1/β = 1/γ =1/2α). Asymmetric 

coupling, frequently observed in literature102–104 and illustrated in Figure 2.7 b), leads to sheared 

Coulomb diamonds. To facilitate data analysis, usually the differential conductance ∂ID/∂VGS is used. 

Here, every conductance change is illustrated as a peak in the (VGS,VDS)-map.                   

Up to now, only the ground state configuration with a specific number of electrons on the island was 

considered. However, once an electronic or vibrational excited state µe
(N) (Figure 2.8 a)), is aligned 

with µS (or µD), an additional transport channel is accessible, resulting in a current increase through 

the dot. This increase in turn appears as parallel lines to the Coulomb diamond edges in the 

differential stability diagram, schematically depicted in Figure 2.8 b). Hence, the excitation energy Eex

= VDS · e can be extracted from the crossing point of the Coulomb diamond edge and the excitation 

line. For electronic excitations, Eex corresponds to the difference between the ground and first excited 

Figure 2.7 Sketch of Coulomb blockade diamonds (stability diagram) with negligible Δ. a) Current 

as a function of VGS and VDS with symmetric coupling of source and drain to the island. The current is 

blocked in white diamond shaped areas with a constant number of electrons (e.g. N-1, N, N+1). In the 

light grey regions, 2 electrons and in the dark grey region more than 2 electrons can tunnel through 

the dot b) Asymmetric coupling with a larger tunnel barrier at the drain contact results in sheared 

diamond with different slopes β and γ. 
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state and is within the constant interaction model equivalent to the splitting energy. Details for 

vibrational excitations can be found in ref.100. As explained above, the prerequisite to observe 

quantum and charge-quantization effects is a smaller thermal energy kBT compared to the addition 

energy in equation 2.9. This condition can already be fulfilled at room temperature for very small 

quantum dots105,106.  In general, the full width at half maximum of the conductance peaks is 

decreasing for smaller temperatures107, because for higher temperatures more and more charges are 

in the thermal energy range of Eadd and can tunnel through the dot.  

Figure 2.8 Excited states in quantum dots with negligible Δ. a) Energy diagram of a quantum dot 

with three energy levels (black) and one excited state µe
(N) (red). b) Differential stability diagram with 

the presence of excited states. The colored lines mark the positions where excited states contribute to 

charge transport. The excited states appear as parallel lines (red, blue, green) to the edge of the 

blocked regions in non-blocked regions.  
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Manuscript M1: Charge transport in semiconducting 

polymers at the nanoscale 

Jakob Lenz and R. Thomas Weitz 

In preparation

Abstract 

In highly ordered crystalline small molecule based organic semiconductors the interplay between the 

charge transport mechanism and the molecular structure of the organic lattice is nowadays 

comparably well understood due to the clearly defined morphology. Charge transport in polymeric 

semiconductors on the other hand is rather complex for example due to the substantial amount of 

conformational freedom of the polymer chains. In macrocsopic devices, charge transport is 

characterized by alternating ordered and disordered phases with varying interconnections and 

structural defects which implies that the influence of molecular weight and side-chains, polymer fiber 

alignment and backbone rigidity has to be considered, since different transport mechanisms at 

various length scales from single chains to the macroscale can overlap. To fully understand transport 

in these systems, ideally each length scale would be addressed individually before different processes 

can be joined in a macroscopic picture. In this perspective we focus on charge transport properties 

of polymeric semiconductors at the shortest possible length scales still accessible by charge transport 

experiments. 

Contribution 

The first draft of the manuscript was written entirely by me and I produced the final version. All 

figures were designed by me.  



2 Theoretical Foundations 

20 



2.7 Manuscript M1: Charge transport in semiconducting polymers at the 
nanoscale 

21 



2 Theoretical Foundations 

22 



2.7 Manuscript M1: Charge transport in semiconducting polymers at the 
nanoscale 

23 



2 Theoretical Foundations 

24 



2.7 Manuscript M1: Charge transport in semiconducting polymers at the 
nanoscale 

25 



2 Theoretical Foundations 

26 



2.7 Manuscript M1: Charge transport in semiconducting polymers at the 
nanoscale 

27 



2 Theoretical Foundations 

28 



2.7 Manuscript M1: Charge transport in semiconducting polymers at the 
nanoscale 

29 



2 Theoretical Foundations 

30 



2.7 Manuscript M1: Charge transport in semiconducting polymers at the 
nanoscale 

31 



2 Theoretical Foundations 

32 



2.7 Manuscript M1: Charge transport in semiconducting polymers at the 
nanoscale 

33 



2 Theoretical Foundations 

34 



2.7 Manuscript M1: Charge transport in semiconducting polymers at the 
nanoscale 

35 



2 Theoretical Foundations 

36 



2.7 Manuscript M1: Charge transport in semiconducting polymers at the 
nanoscale 

37 



2 Theoretical Foundations 

38 



2.7 Manuscript M1: Charge transport in semiconducting polymers at the 
nanoscale 

39 



2 Theoretical Foundations 

40 



2.7 Manuscript M1: Charge transport in semiconducting polymers at the 
nanoscale 

41 



2 Theoretical Foundations 

42 



2.7 Manuscript M1: Charge transport in semiconducting polymers at the 
nanoscale 

43 



2 Theoretical Foundations 

44 



2.7 Manuscript M1: Charge transport in semiconducting polymers at the 
nanoscale 

45 



2 Theoretical Foundations 

46 



Device fabrication and characterization 

This chapter will give an overview of the main device fabrication and characterization techniques that 

have been carried out in the course of this thesis. First the wafer preparation and contact fabrication 

is presented. Second wet and dry etching techniques as well as the fabrication of high-quality 2D hBN 

and graphite is discussed. Finally different approaches of OSC deposition and electrical device 

characterization are given. 

Part of the findings presented in this chapter have been published56,108. The articles can be found in 

appendix A.1 and A.3.  

Wafer preparation 

For the sake of simplicity all devices were fabricated on 300 nm SiO2 slightly boron-doped silicon 

wafers. Since in all projects different gate arrangements as IL gating or local TDPA functionalized Al2O3

respectively graphite/hBN gates were utilized the silicon wafers were solely used as a substrate. Prior 

to further processing steps the substrates were cleaned for 5 min each in an ultrasonic bath in 

acetone and isopropanol and blow-dried with nitrogen. The pre-cleaned substrates were directly 

used for electrode fabrication in the next step. Only substrates used for graphite and hBN exfoliation 

were further cleaned in an oxygen plasma for 5 min at 50 W and 10 sccm O2 (PICO Plasma Cleaner, 

Diener) followed by a 20 min Piranha acid bath. To facilitate the later flake pick-up after exfoliation, 

the substrates were etched in 5 % hydrofluorid acid (HF) to remove ~10 nm SiO2 resulting in a highly 

hydrophilic surface with less adhesion to the graphite or hBN flakes.  

Electrode fabrication 

In the semiconducting industry there are different techniques available for device structuring as e.g. 

the use of shadow masks, or photo, laser or electron beam lithography, whereby the particular use 

depends on the desired resolution, scalability or ease of processability. For this thesis almost 

exclusively electron beam lithography was used for contact patterning and Figure 3.1 schematically 

illustrates the individual lithography steps. At first the positive resist polymethylmethacrylat (PMMA, 

4.5 wt.% 950 k in anisole, AR-P 672.045 Allresist) was spin coated onto the pre-cleaned substrates at 

800 r.p.m. for 1s and 4000 r.p.m. for 30s. After a soft-bake at 150 °C for 3 min (120 °C for 5 min for 



3 Device fabrication and characterization

48 

top contacts) the resist was patterned with an electron energy of 10 kV and an electron beam dose 

of 165 µC cm-2 for the 60 µm aperture, 140 µC cm-2 for the 30 µm aperture, 104 µC cm-2 for 10 µm 

aperture and 98 – 107 µC cm-2 for the 7.5 µm aperture. The exposed structures were developed in a 

1:3 solution of methylisobutylketon (MIBK):isopropanol for 1 min 45 sec. For structures smaller than 

100 nm, a high-contrast developer with the addition of 2 % methylethylketone (MEK) was used 109. In 

order to stop the development process the substrates were rinsed with isopropanol. If the desired 

structures exceed a height of 100 nm, the PMMA resist was spin-coated twice to ensure better lift off 

behavior with a soft-bake after each layer, resulting in a total PMMA thickness of ~ 500 nm (~ 250 nm 

per layer). Here the development time increases to 3 min. The electrodes were formed via electron-

beam physical vapor deposition of 0.3 – 1 nm chromium or titanium as adhesion layer (at 0.1 – 0.3 Å 

s-1) and 30 – 100 nm gold (at 0.9 – 1.2 Å s-1) at pressures < 5 x 10-7 mbar (see Figure 3.1 d)). Top 

contacts on OSCs are fabricated through thermal evaporation of 0.3 nm titanium (at 0.1 Å s-1) and 30 

nm gold (at 1 Å s-1) at a pressure of ~ 5 x 10-6 mbar. To fabricate top contacts in vertically staggered 

electrodes prior to metal deposition, an additional insulating SiO2 layer of 35 – 50 nm can be 

sputtered with a RF power of 50 W and an argon pressure of p = 2 x 10-2 mbar. Lift off to dissolve the 

remaining PMMA was performed in three consecutive acetone baths at 40 °C. For single polymer 

fiber transistors electron beam lithography was additionally used to locally apply a SAM on an 8 – 10 

nm thick Al2O3 layer sputtered with a RF power of 40 W and an argon pressure of 2 x 10-2 mbar on 

pre-fabricated gold gate electrodes. To this end the Al2O3 surface was locally activated via inductively 

coupled plasma reactive-ion etching (ICP-RIE, Plasmalab System 100, Oxford Instruments) for 1 min 

Figure 3.1 Schematic electron beam lithography. a) Spin coating of the PMMA resist (blue) on the 

substrate (grey). b) Electron beam exposure (indicated by grey arrows) according to the designed 

structure. c) Developing to remove solely exposed PMMA areas. d) Metal (yellow) or dielectric physical 

vapor deposition. e) Lift off via dissolving of remaining PMMA. f) Alternatively to step d), reactive ion 

etching (RIE) (indicated by red arrows) of developed regions and g) subsequent SAM (green) 

deposition. h) Lift off analogous to e).  
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with a RF power of 200 W, IPC power of 70 W, a O2 flow of 30 sccm and a pressure of 10 mTorr (see 

Figure 3.1 f)). Immediately after RIE the sample was immersed in a 1mM solution of 1-

Tetradecylphosphonic acid (TDPA) in isopropanol.  After 2 h, the sample is rinsed with isopropanol, 

blow-dried with nitrogen and baked for 5 min at 150 °C. After SAM deposition lift off was performed 

in the same way as explained above. 

Exfoliation and flake transfer 

Few-layer hBN and graphene were fabricated on pre-cleaned and HF etched substrates by mechanical 

exfoliation from the bulk material. The detailed procedure for few-layer hBN can be found in the 

methods section of publication A.3 in the appendix. Graphene exfoliation is completely analogous 

with the only difference of using directly the as-received natural graphite bulk instead of crushed 

small crystals. In order to fabricate nanometer thin insulating spacers for VOFETs and to fabricate 

graphite hBN gates a stamping method adopted from ref.110,111 was used to transfer prior exfoliated 

hBN and graphite flakes. A detailed description of the stamp fabrication can be found in the methods 

section of publication A.3 in the appendix. Figure 3.2. schematically illustrates the process of 

transferring single hBN flakes or building graphite/hBN stacks. At first the stamp was slowly brought 

into contact with the substrate (heated to 60 °C). By increasing the temperature to 70 °C in the course 

of 5 min, the polydimethylsiloxane (PDMS)-polycarbonate (PC) block expands until the hBN flake is 

fully covered. After 2 min, the temperature was cooled down within 5 min to 50 °C whereby the 

PDMS-PC block shrinks and the hBN flake delaminates from the substrate. It turned out that a higher 

substrate temperature might improve the adhesion of hBN to PC relative to SiO2 with a higher flake 

pick up yield110. For VOFET fabrication the hBN flake on the stamp was then brought into contact with 

Figure 3.2 Schematic flake transfer. a) The substrate with the priorly exfoliated hBN flake (green) is 

heated to 60 °C. b) After bringing the stamp made from PDMS and PC into contact with the substrate, 

the temperature is ramped up to 70 °C until the flake is fully covered by PC. c) Ramping down the 

temperature to 50 °C retracts the stamp and delaminates the flake. d) This procedure (a – c) can be 

repeated to pick up a graphite flake (black). e) The stack is slowly brought into contact with the final 

substrate which is heated to 170 °C. f) The PC including the stack is melted down on the substrate and 

the stamp can be retracted.  
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the pre-fabricated bottom electrode (substrate temperature 70 °C). Now the substrate was heated 

to 170 °C above the glass transition temperature of PC (TG ≈ 150 °C 110,112) to melt down the PC. This 

sequence facilitates an exact positioning of the hBN flake on the bottom electrode. However, the 

subsequent heating procedure to 170 °C might lead to folds in the flake due to thermal expansion of 

the PDMS-PC block. To fabricate graphite/hBN stacks the process a) – c) in Figure 3.2 was repeated 

and the graphite electrode was picked up due to the strong van der Waals adhesion of hBN to 

graphite. Here the final substrate is directly heated to 170 °C and the stamp with the graphite / hBN 

stack is brought into contact. Once the stamp touched the hot substrate, the PC was melted again. 

After a waiting time of 30 min in order to improve the adhesion of PC to the SiO2 substrate, the stamp 

was moved upwards whereby the PC detached from the PDMS. To remove the melted PC the cooled 

down substrate was immersed in chloroform for at least 30 min. Finally to remove bubbles between 

the flakes and to further clean the surface the substrates were annealed in a vacuum chamber at a 

pressure of less than 1 × 10-8 mbar for 12 h at 200 °C. 

Electrical characterization 

Room temperature electrical measurements were performed in a probe station setup, whereby 

needle probes were used to contact the gate, drain and source pads, respectively. Two source-

measure units (Keithley 2450) were used to apply the gate and drain voltages VGS and VDS and to 

simultaneously measure the corresponding gate and drain currents IG and ID. The grounded source 

contact was used as reference potential both for drain and gate potential. Electrical measurements 

on single polymer-fiber transistors and on IL gated SWCNT transistors were conducted in a Lakeshore 

CRX-VF probe station under vacuum. The temperature can be changed from 5 K to 450 K. Analogous 

to the room-temperature measurements, electrical contacting is realized via needle probes. In order 

to ensure sufficient thermal conductivity the substrates were glued with silver-conducting paint on 

the substrate holder of the probe station. The gate voltage VGS was applied and the gate current IG

measured with a Keithley 2450. The drain voltage VDS was applied with a Yokogawa 7651 DC source. 

To allow highly accurate current measurements down to the sub nA regime the drain current ID was 

measured with a current preamplifier (1211 DL Instruments) and a HP 34401 A voltage meter.  



VOFETs 

When moving from a lateral to a vertical electrode alignment, one of the main advantages is the ease 

of fabricating short-channel lengths devices with all the associated benefits as explained in section 

2.5. The main findings of electrolyte-gated VOFETs can be found in publication A1 and A3, both 

attached as full text in appendix A. Here, additional results regarding other insulating spacer materials 

and other OSCs as active materials are presented.  

CYTOP as insulating spacer 

Apart from using SiO2 in publication A1 and hBN in publication A3, additionally the amorphous 

fluoropolymer CYTOP (CTL 809-M, AGC Chemicals Europe, 9 wt.%) was investigated as insulating 

spacer between the vertically aligned source and drain electrodes. CYTOP was chosen because it is 

unaffected by all successive fabrication steps due to its orthogonal solubility to all solvents further 

used. CYTOP was diluted with perfluorotrialkylamine (CT-Solv 180, AGC Chemicals Europe) and stirred 

for at least 10 min at 500 r.p.m.. In a next step, the solution was spin coated on the substrate with 

pre-fabricated bottom electrodes for 10 sec at 500 r.p.m. followed by 30 sec at 1500 r.p.m.. Now the 

sample was first baked in a vacuum oven (Memmert VO 200) at 10 mbar for 15 min at 50 °C in order 

to remove remaining bubbles, followed by 45 min at 80 °C to remove remaining solvent and finally 

for 45 min at 200 °C to improve the adhesion to the substrate and to planarize the CYTOP film. In 

order to increase the wettability of CYTOP (contact angle ~ 110° 113) and to ensure the adhesion to 

subsequent layers, a metallic surface treatment was applied (see Figure 3.3) prior to PMMA 

deposition for top-contact fabrication (see section 3.2). Evaporating a covering aluminum layer of at 

least 20 nm and subsequent wet etching of aluminum via a buffered NaOH solution (AZ 351B, 

Microchemicals) results in oriented end-groups towards the polymer surface with a reduced contact 

angle of 80° 113. It has to be noted that this whole process is reversible and the hydrophobicity is 

restored by heating the CYTOP layer above 100 °C 114. After top contact patterning, CYTOP was first 

removed anisotropically using RIE  with a RF power of 50 W, IPC power of 70 W, a O2 flow of 20 sccm 

and a pressure of 20 mTorr (see Figure 3.3 e)). The etching time was chosen according to the etching 

rate (0.3 nm s-1 for the given setup and etching parameters) and the CYTOP thickness. The thickness 

defines the channel length Lch and can be adjusted by varying the CYTOP concentration. To form the 

underetched top contact with the underetched distance dc (see publication A1 and A3), CYTOP is 
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etched isotropically using a plasma asher (Giga-Etch 100-E) with a power of 200 W and 1.2 torr O2

(etching rate 2.17 nm min-1). From here the finalization of electrolyte-gated VOFETs is identical to 

publications A1 and A3, both attached as full text in appendix A. Although the current density of up 

to 450 kA cm-2 is almost one order of magnitude lower, the electrical characteristics in Figure 3.5 

exhibit comparable device performance as with SiO2 or hBN as insulating spacer with fully saturating 

output currents. Here a concentration of 22.44 wt.% CTL 809-M in CT-Solv 180 resulted in a layer 

thickness  of 60 nm measured via ellipsometry (Plasmos PC 2300). Analogous to hBN (publication A3), 

the smaller current density might be explained by an only partial OSC channel filling due to the high 

restored hydrophobicity (150 °C PMMA soft-bake for top contact patterning, see section 3.2) and 

hence poor wettability during OSC deposition. This issue could be solved by an additional aluminum 

treatment prior to OSC deposition or by choosing low surface-tension solvents with optimized 

wettability as e.g methanol or hexane. The negative differential resistance for high VGS in the output 

characteristics in Figure 3.5 a) has also been observed when using hBN as insulating spacer 

(publication A3). This can be attributed to a peak like behavior of the conductivity versus VGS when 

using electrolyte gates 115,116. As for all electrolyte-gated VOFETs, DIBL as a short-channel effect was 

observed by a VDS dependent shift of Vth in the transfer characteristics in Figure 3.5 b).  When 

increasing VDS, also the off current increases (see VDS = -100 mV), which can be explained by an 

increasing electrical field and hence increasing leakage current through CYTOP.  

Figure 3.3 Schematic VOFET fabrication process with CYTOP as insulator. a) CYTOP (blue) is 

deposited on the substrate with pre-frabricated bottom electrodes. b) Evaporation of a thin Al layer 

(grey).  c) Etching of aluminum with buffered NaOH solution resulting in a more hydrophilic surface 

due to oriented end-groups of the polymer (dark blue). Now the PMMA resist can be spin coated for 

the top electrode fabrication via electron beam lithography. After top contact patterning in d), CYTOP 

is e) first etched anisotropically via RIE and f) etched isotropically to form an underetched top contact.  
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MDMO-PPV as active material 

In publication A1 and A3, both attached as full text in appendix A, poly(diketopyrrolopyrrole-

terthiophene) (PDPP) and poly(3-hexylthiophene) (P3HT) were used to fabricate electrolyte-gated 

VOFETs. Additionally the same device geometry was used with the polymer Poly‐[5‐(3′,7′‐

dimethyloctyloxy)-2-methoxy-1,4-phenylenvinylen] (MDMO-PPV, Sigma Aldrich). The fabrication was 

exactly the same except a 5 mg ml-1 MDMO-PPV in 1,3-meta-dichlorobenzene (MDCB) solution was 

spin coated for 40 sec at 800 r.p.m. and a ramp of 800 r.p.m. s-2. The electrical characteristics in Figure 

3.6 reveal saturating output curves with current densities of up to 30 kA cm-2 and on-off ratios of up 

to 104 at -0.3 V bias operation. MDMO-PPV devices were not fabricated to investigate the upper 

current-density limit and should rather be seen as a proof of principle that the functionality of 

electrolyte-gated VOFETs is not limited to specific types of polymers. However, the lower device 

performance compared to [EMIM][TFSI]-gated PDPP and P3HT devices with mobilities of up to µPDPP

= 3 cm2 V-1 S-1 and µP3HT = 1.1  cm2 V-1 S-1 is probably related to the  lower intrinsic mobility of MDMO-

PPV in the 10-5 cm2 V-1 S-1 regime 117. As for PDPP and P3HT, also for MDMO-PPV DIBL in the transfer 

characteristics (Figure 3.6 b)) could be observed.  

Figure 3.5 Electrical characteristics of [EMIM][TFSI] gated PDPP VOFETs and CYTOP as insulator. a) 

Output (VDS sweep rate 20 mV s-1) and b) transfer characteristics (VGS sweep rate 23 mV s-1) with wbel

= 80 nm, dc = 100 nm and Lch = 60 nm. The solid lines represent the forward and the dashed lines the 

backwards sweep direction.    
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To conclude, electrolyte-gated VOFETs have been fabricated in the course of this thesis using three 

different insulators SiO2, hBN and CYTOP as spacer between the vertical electrodes. Additionally three 

different OSCs PDPP, P3HT and MDMO-PPV have been used as active material. These results elucidate 

the flexible field of application of the developed geometry for nanoscale organic high-performance 

transistors. The presented device geometry is neither limited to the insulating spacer nor to a specific 

type of polymeric semiconductor.  

Figure 3.6 Electrical characteristics of electrolyte-gated MDMO-PPV VOFETs. a) Output (VDS sweep 

rate 20 mV s-1) and b) transfer characteristics (VGS sweep rate 41 mV s-1) with wbel = 110 nm, dc = 35 

nm and Lch = 40 nm. The solid lines represent the forward and the dashed lines the backwards sweep 

direction.    



Single polymer fiber transistors 

Reducing the dimensions of organic transistors could pave the way to investigate intrachain charge 

transport mechanisms along the polymer backbone. Charge transport at different length scales in 

polymeric OSCs as well as the huge potential of intrachain charge transport has been addressed in the 

manuscript M1. The full article can be found in section 2.7. Within this thesis, single polymer fiber 

transistors were realized using a local hybrid Al2O3/TDPA gate dielectric as well as an hBN gate. The 

detailed fabrication steps can be found in appendix C.1. 

Introduction 

The deposition of a sub-monolayer thin film of the donor-acceptor polymer PDPP, provided by BASF 

SE, with distinguishable single fibers is demonstrated in publication A1. This approach built the basis 

for the fabrication of single PDPP fiber transistors. To realize transistors with channel lengths in the 

sub-100 nm regime, special care has to be taken to maintain a sufficient gate coupling and to stay 

within the gradual channel approximation (see section 2.2). This can be realized by decreasing the 

gate thickness and by using high-k gate oxides such as Al2O3 (ε = 9 118) (see equation 2.1). However, 

reducing the dielectric thickness is automatically accompanied with increased leakage currents and 

small breakdown voltages, which can be prevented by the utilization of self-assembled monolayers 

(SAM) in hybrid oxide/SAM gate dielectrics. The chemical modification of the oxide surface results in 

a passivation of the gate-oxide due to the high packing density of the formed SAM. The improved 

electrical characteristics with a reduction of traps at the oxide OSC interface, reduced leakage 

currents and the tunability of Vth has been widely investigated119–122.  

To investigate charge transport behavior at the nanoscale, single PDPP fiber transistors were 

fabricated according to section 3.4 with a local hybrid Al2O3/TDPA gate dielectric as depicted in Figure 

5.1 a). For a sputtered Al2O3 layer of 10 nm thickness with an experimentally measured dielectric 

constant of ~7 123, a TDPA thickness of 1.74 nm 124 and a dielectric constant of εTDPA = 2.5 119, the total 

unit-area gate capacitance Ĉtot can be calculated using equation 2.1 and 

1

Ĉ𝑡𝑜𝑡
=

1

Ĉ𝐴𝑙2𝑂3
+

1

Ĉ𝑇𝐷𝑃𝐴
 , (5.1) 

yielding Ĉtot = 0.42 µF cm-2.  
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In the field of two-dimensional (2D) materials, using  hBN both as a dielectric substrate or to 

completely encapsulate graphene has shown to drastically increase the electrical characteristics in 

terms of mobility and charge disorder125–127. hBN is an insulating 2D material with a band gap of Δ = 

5.97 eV, high breakdown voltages ranging from 0.8 128 to 1.2 V nm-1 129 and a dielectric constant of ε 

≈ 3 – 4 125. The improved device performance is mainly related to a reduction of surface charge traps 
125. Additionally to the hybrid Al2O3/TDPA gate, single PDPP fiber transistors were also realized using 

hBN as a dielectric (depicted in Figure 5.1 b)). In order to maintain the atomically flatness of hBN, 

graphite consisting of several graphene layers was used instead of gold as gate electrode.  The 

graphite was contacted with an additional gold electrode (see Figure 5.1 b)). The unit-area capacity 

for graphite/hBN samples is calculated according to equation 2.1 with the specific hBN thicknesses 

measured via atomic force microscopy (AFM).  

An example of a single PDPP fiber transistor with an Al2O3/TDPA gate dielectric can be seen in Figure 

5.2. The AFM image shows both single fibers as well as larger fiber networks. Line traces of two 

different fibers reveal heights of 2 nm and 3 nm, respectively, which already indicates that the term 

“single fiber” does not refer to single polymer molecules. This is also confirmed in the SEM image 

where even smaller fibers that are not resolvable using AFM become visible (highlighted by red 

arrows). Within this thesis the phrase “single fiber” refers to individual fibers consisting of several 

well aligned parallel polymer molecules. A finished device where a single fiber is contacted with 

electrodes can be seen in the SEM image in Figure 5.2 c). Although a comparison of the AFM image 

after fiber deposition and the SEM image after contact patterning indicates that PDPP is not affected 

by the electron beam lithography process (PMMA deposition, 120 °C soft bake, lift-off in acetone and 

isopropanol) (see section 3.2), small damage or conformational changes cannot be fully excluded. It 

Figure 5.1 Schematic illustration of the device geometry of single PDPP fiber transistors. a,b) Single 

PDPP fiber transistor with an Al2O3/TDPA gate (a) and a graphite/hBN gate configuration (b).  
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has to be noted that when measuring single polymer-fiber transistors, the device performance is not 

an average measure as in macroscopic devices. Small variations in the fiber composition in terms of 

the number, packing and alignment of single polymer molecules within the fiber as well as the 

electrical contacts lead to different results, which in turn makes a device comparison difficult. 

Additionally, a comparison between the two gate configurations is also questionable as different 

surface energies (defined by different contact angles of 115° for TDPA 130 and 135° 131 for hBN) might 

lead to different fiber compositions during the growing process.  

The results of single PDPP fiber transistors with both presented gate configurations is organized as 

follows: At first room temperature measurements in vacuum are presented. The next section is 

focused on temperature dependent measurements and in the last part Coulomb-blockade 

oscillations at low temperatures are discussed. In total three hBN/graphite gate devices (sample H1-

3) and two Al2O3/TDPA gate devices (sample A1, A2) have been investigated. Due to thermal coupling 

problems in the Lakeshore CRX-VF probe station between the chuck and the sample, the adjusted 

temperatures for H1, H3, and A1 are not expected to be actually reached exactly. At elevated 

temperatures above 100 K, when connecting the cool probe arms to the transistors electrodes 

resulted in an offset of up to -50 K. However, qualitative interpretations when cooling down from  

300 K to base temperature (~ 5 K) are still valid. Sample H2 and A2 have been thermally coupled with

Figure 5.2 Single PDPP fiber transistor with a local Al2O3/TDPA gate. a) AFM image of PDPP fibers 

deposited on Al2O3/TDPA. b) Line traces across two different fibers reveal thicknesses of 2 nm and 3 

nm. c) SEM image of the same region of an electrically contacted fiber exhibit fibers that are not 

resolvable with AFM (indicated by red arrows).  
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silver conducting paste, resulting in a maximum temperature offset of 2K.   

Room temperature electrical characteristics 

The electrical characteristics of a single PDPP fiber transistor with a local Al2O3/TDPA gate (sample 

A2) measured at 300 K are shown in Figure 5.3. Despite a channel length of only 56 nm, the output 

curves exhibit fully saturating currents. The increasing offset in the output characteristics for                 

VDS = 0 V are related to an increasing gate-leakage current for higher VGS. The saturation transfer 

characteristics reveal an on-off ratio of 6000 and a subthreshold swing of 250 mV dec-1 with a 

threshold voltage of Vth = -0.89 V. The VGS and hence carrier-density-independent mobility according 

to equation 2.8 of µsat = 6.88 x 10-1 cm2 V-1 s-1 for an assumed channel width of W = 3 nm is still a 

factor of 5 lower compared to a macroscopic device with a channel length of 200 µm 132. It has to be 

noted that for some devices the influence of the gate current at room temperature is dominating the 

source drain current. Also some devices do not show a saturation behavior in the output 

characteristics. This demonstrates the individuality of single fibers, whereby small deviations in the 

fiber composition or the gate coupling strongly influences the electrical characteristics. Figure 5.4 

shows the electrical performance of single PDPP fiber transistors with varying hBN thicknesses, where 

a-d) refer to sample H2 and e,d) to sample H3. For the dhBN = 25 nm transistor with Lch = 40 nm, the 

Figure 5.3 Electrical characteristics of a single PDPP fiber transistor with an Al2O3/TDPA gate 

(sample A2) and a channel length of Lch = 56 nm (T = 300K, p = 1.6 x 10-7 mbar). a) Output and b) 

transfer characteristics in the saturation regime (black) with corresponding gate current IG (red). The 

solid lines represent the forward and the dashed lines the backwards sweep direction.  
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output current exhibits no saturation behavior above the pinch-off point. This is a known effect for 

short-channel length devices and can be attributed to an insufficient transversal electric field 

compared to the longitudinal drain-source field33 (see section 2.3). For another transistor on the   

same sample but different hBN region with dhBN = 11 nm the output curves start to saturate despite 

a shorter channel length of Lch = 25 nm, which indicates the transition to a sufficient gate coupling 

and the applicability of the gradual channel approximation. The different regions 1 and 2 of sample 

H2 can be seen in Figure C.3 in appendix C.1. Decreasing the gate thickness further to dhBN = 8 nm in 

sample H3 (Lch = 67 nm) results in fully saturating output currents. As the mobility exhibits no carrier-

density-independent region, no meaningful values can be calculated for sample H2 30. The mobility 

calculated with the transfer curve in Figure 5.4 f) is µsat = 3.72 x 10-2 cm2 V-1 s-1. 

In summary, these results indicate that the realization of single polymer fiber transistors with 

nanoscopic device dimensions is possible. However, the device performance by reducing the channel 

length and potentially reaching the intrachain charge transport regime does not surpass the 

Figure 5.4 Electrical characteristics of single PDPP fiber transistors with a hBN/graphite gate and 

varying hBN thicknesses. a,b) Output and transfer characteristics (black) with corresponding gate 

current IG (red) measured at T = 296 K and p = 1.7 x 10-7 mbar on region 1 (dhBN = 25 nm) and c,d) on 

region 2 (dhBN = 11 nm) of sample H2 (see appendix C.1). e,f) Electrical characteristics of sample H3 

with a gate thickness of dhBN = 8 nm measured at p = 4.5 x 10-5. The real sample temperate due to poor 

thermal coupling is Treal ≈ 250 K. The solid lines represent the forward and the dashed lines the 

backwards sweep direction. 
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performance of macroscopic devices yet. As can be seen even for channel lengths down to                        

Lch = 25 nm, comparably large VDS values need to be applied to reach the saturation regime. This might 

indicate that these devices suffer from large contact resistances.  However, so far no meaningful 

method to reliably evaluate contact resistances of single polymer fibers could be found. As the PDPP 

fibers exhibit maximum lengths of ~ 300 nm, the gated four-point probe method to evaluate contact 

resistances, which would require two additional electrodes small enough to not influence the 

potential in the channel31, is not realizable. The transfer-line method could in principle be applied for 

different fibers. However, it turned out that the varying performance of individual fibers dominated 

the necessary linear relation of the total channel width-normalized resistance to the channel length. 

Another reason for the poorer performance compared to macroscopic devices could be the last 

lithography process including the contact of the polymer fibers with several organic solvents (see the 

fabrication steps in appendix C.1). The potential influence of different solvents on PDPP might be 

investigated in future experiments by comparing X-ray diffraction measurements in addition to 

electrical measurements prior and after solvent exposure of a macroscopic monolayer film.  

Temperature dependent electrical characteristics 

A commonly used method to differentiate between charge transport mechanisms in OSCs is to 

measure the temperature dependence of the mobility (see manuscript M1 for more details). Figure 

5.5 shows the transfer characteristics of a single PDPP fiber transistor with an hBN/graphite (sample 

H1) as a function of temperature. As already explained above, the poor thermal coupling results in a 

decreasing offset of ΔT ≈ -50 K for a set point temperature of Tset = 300 K to an offset of ΔT ≈ 5 K for 

Tset = 10 K. However the qualitative temperature-dependent results in Figure 5.5 are still valid. With 

decreasing temperature the threshold voltage Vth shifts to more negative values for VGS < 0  and to 

more positive values for VGS > 0, which can be explained by the filling of shallow and deep trap        

states 133,134. With decreasing temperature, the thermal energy of charge carriers decreases and 

larger |VDS| values are required to remobilize trapped charges. A decreasing gate current IG for 

decreasing temperatures renders it possible to increase the VGS sweep range for lower temperatures. 

Interestingly, when using hBN as a gate dielectric, ambipolar charge transport could be observed. 

One of the major requirements that has to be ensured to realize ambipolar charge transport in OFETs 

is a trap-free gate dielectric24,135. The observation of ambipolar transport elucidates the high potential 

of using hBN as a gate dielectric not only in the field of 2D materials 125 but also for OFETs. This 

becomes even clearer as the same behavior was not observed for Al2O3/TDPA gate dielectrics.

Although it is well established that the electron trap density of Al2O3 is much higher compared to e.g. 

SiO2
136, the passivation with phosphonic acid SAMs leads to a reduction of traps at the oxide       

surface119 with improved electron conduction137. However the threshold voltage to achieve electron 

conduction for Al2O3/TDPA gates could not be reached due to the priorly occurring dielectric 
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breakdown. Another evidence for the high quality of both hBN and Al2O3/TDPA gate dielectrics is the 

absence of a noteworthy hysteresis between forward and backwards VGS sweeps. Although some 

devices exhibit a small hysteresis at room temperature (see Figures 5.3 and 5.4), it almost fully 

disappears for lower temperatures. In Figure 5.5, this absence of hysteresis is indicated for a realistic 

Figure 5.5 Transfer characteristics of a single PDPP fiber transistor with a hBN/graphite (sample H1, 
dhBN = 25 nm) for varying temperatures (p = 1.6 x 10-7 mbar). a, b) p-type transfer characteristics for 
VDS = -3 V and VDS = -5 V and c,d) n-type transfer characteristics for VDS = 3 V and VDS = 5 V. Due to 
poor thermal coupling the given temperatures are not the real sample temperatures. The qualitative 
temperature behavior is still valid. For the curves at Tset =  300 K, the backwards sweep is plotted with 
red dashed lines. 
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temperature of Treal = 250 K (Tset = 300 K, red curve). When cooling down, the transfer characteristics 

starts to deviate from the behavior at elevated temperature with the formation of plateaus (see Tset

= 10 K, highlighted by violet arrows in Figure 5.5), which will be explained in more detail at later parts.  

Unfortunately, the device of Figure 5.5 was destroyed due to electrostatic discharge in the final stages 

of the measurements and the exact channel lengths could not be measured. To estimate the mobility, 

the width of the specific fiber transistor was extracted from a previously measured AFM image (W = 

1.8 nm) and a channel length of Lch = 80 nm from the electron beam lithography design was used. 

According to equation 2.8 with dhBN = 25 nm, the temperature dependent mobility extracted from the 

data in Figure 5.5 is shown in Figure 5.6. Except for VDS = -3 V at elevated temperatures, all curves in 

the p-type (VGS and VDS < 0) and in the n-type mode (VGS and VDS > 0) exhibit a charge-carrier density-

independent mobility region. Although the mobility for VDS = -/+ 3 V is decreasing with decreasing 

temperature, it remains almost constant for higher VDS = -/+ 5V. These results without the indication 

of a thermally activated transport for high VDS can be regarded as a first hint towards band-like 

Figure 5.6 Temperature dependent mobility with respect to VGS of the graphs in Figure 5.5 (sample 

H1). a, b) p-type for VDS = -3 V and VDS = -5 V and c,d) n-type for VDS = 3 V and VDS = 5 V. Due to poor 

thermal coupling the given temperatures are not the real sample temperatures. The qualitative 

temperature behavior is still valid.  
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transport along the highly oriented polymer backbone. This temperature independent mobility 

regime has not been observed for all devices, while some devices showed thermally activated 

transport with a transport freeze-out at lower temperatures (see Figure C.4 in the appendix. In most 

scenarios the evolving oscillations at T ≤ 100 K, which are also indicated by the plateaus in Figure 5.5 

at Tset = 10 K, makes temperature dependent mobility investigations very challenging. A much more 

pronounced emergence of these oscillations can be seen in Figure 5.7. Originally it was aimed to 

contact the fiber highlighted by the black arrow in the AFM and SEM images. However, in the SEM 

image be a second fiber between the source and drain electrode seems to be present. As this fiber is 

not observable in the AFM image it cannot be reasonably estimated if this transistor covers two single 

fibers or if the emerging fiber is either an SEM artefact or dirt respectively residues from the last 

lithography step. Nevertheless, when cooling down from Tset = 300 K to the base temperature of the 

system Tset = 5.8 K, the transport is first forming plateaus starting at Tset = 100 K, and then clearly 

starting to oscillate when decreasing the temperature further. The (VGS,VDS)-current map measured 

Figure 5.7 Transfer characteristics of a single PDPP fiber transistor with an Al2O3/TDPA gate and Lch

= 48 nm (sample A1) for varying temperatures (p = 1.9 x 10-7 mbar). a) AFM image prior and b) SEM 

image after contacting a single fiber indicated by the black arrow. The scale bar is 300 nm. c) Transfer 

characteristics for VDS = -1.5 V for different temperatures with evolving oscillations below Tset = 100 K. 

Due to poor thermal coupling the given temperatures are not the real sample temperatures. The 

qualitative temperature behavior is still valid.  
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at Tset = 5.8 K, shown in Figure C.5 in the appendix, already indicates the formation of Coulomb 

blockade with indicated Coulomb Diamonds (see section 2.6).  

Coulomb blockade oscillations at cryogenic temperatures 

In this section, Coulomb blockade oscillations with clearly observable Coulomb blockade diamonds 

are presented for the first time for single polymer fiber transistors and two different gate 

configurations. As explained in section 2.6 Coulomb and size-quantization effects can be best 

investigated at low temperatures. The results presented here have been measured at temperatures 

between 5.5 K and 10 K. The absolute currents within the pA regime are very low. To make sure that 

the observed results are not influenced or dominated by gate leakage currents, an exemplary 

measurement at VDS = 0.35 V with both the drain (black) and gate (red) current is given in Figure 5.8 

for an Al2O3/TDPA-gated single fiber (sample A2). First of all, it can clearly be derived that the gate 

current noise has no influence on the measured oscillations. In the drain current, several irregularly 

spaced current peaks with varying amplitudes, highlighted with black arrows, are observable. 

According to section 2.6, this indicates that either the formed quantum dots are small enough that 

the splitting energy Δ cannot be neglected, or as will be discussed later, the fiber is composed of 

different sized quantum dots in series. Also a superposition of both effects is possible. Figure 5.9. 

shows the corresponding current and differential-conductance map as a function af VGS and VDS. The 

current is blocked in the dark blue region (Figure 5.9 a)) in a range of |VDS| ⪅  0.6 V. The clearly visible  

Coulomb diamonds are irregular and exhibit different sizes and shapes. The differential conductance 

map shows a superposition of different sized Coulomb diamonds with addition energies ranging from 

Eadd = 0.56 eV – 0.63 eV. These values are slightly increased to what has been reported for single 

Figure 5.8 Exemplary transfer characteristic with drain current ID (black) and gate current IG (red) 

of a single PDPP fiber transistor on sample A2 measured at T = 5.5 K (p = 1.7 x 10-7 mbar).
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organic molecule transistors with maximum values of 0.21 eV 95 and 0.39 eV 96, which might be 

explained according to equation 2.9 with a smaller capacitance CΣ of the quantum dot. Using equation 

 2.9 and 2.10, with ΔV1
GS = 0.62 V and ΔV2

GS = 0.74 V (extracted from Figure 5.9), the gate coupling 

factor αAl2O3/TDPA is varying from 0.9 to 0.85 for the different sized Coulomb diamonds. In the 

differential-conductance map in Figure 5.9 b), various excited states are visible as lines running 

parallel to the Coulomb diamond edge (see also Figure 2.8 in section 2.6), some of them highlighted 

by white arrows and blue dashed lines. According to section 2.6, excitation energies varying from Eex

= 0.17 eV – 0.28 eV can be extracted. For this specific polymer no Raman/IR data could be found in 

literature. For similar polymers Barszcz et al.138 identified the CC stretching vibration of thiophene 

rings at ≈ 0.173 eV and the in‐phase C=C stretching of the DPP core at ≈ 0.2 eV. Similar results has 

been presented by Adil et al.139 and Francis et al.140. These results compare very well with the 

electrically measured results in this thesis which proves that excited states can be investigated also 

for OSCs via charge transport measurements. This could be used to determine excitations that are 

not detectable with Raman/IR spectroscopy, as has been demonstrated for oligophenylenevinylene-

based single molecule  junctions95. It has to be noted that the excited states are only visible on one 

side of the Coulomb diamond for positive slopes what is related to asymmetric coupling and hence 

different tunnel barriers for the source and drain electrode100,102. The asymmetric coupling is also 

verified by the sheared diamonds (see also Figure 2.7 in section 2.6). The different tunnel barriers are 

schematically shown in Figure C.6 in the appendix. Upon exchanging the source and drain electrodes 

in two consecutive measurements, the size, shape and position of the Coulomb oscillations changes.   

Figure 5.9 Coulomb blockade diamonds of a single PDPP fiber transistor on sample A2 measured at 

T = 5.5 K (p = 1.7 x 10-7 mbar). (VGS,VDS)-current map and b) differential conductance ∂ID/∂VGS as a 

function of VGS and VDS. Two Coulomb diamonds of different size are indicated by white lines. Excited 

states are highlighted by white arrows and blue dashed lines.  
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Similar results for another measured single PDPP fiber on the same sample can be found in Figure C.7 

in the appendix. 

In all measurements the Coulomb diamonds are not closed near VDS = 0 V. The occurring gap in 

addition with different sizes and shapes of the diamonds has been widely investigated141–145 and is 

based on an array of single quantum dots with multiple tunnel junctions. Figure 5.10 illustrates a 

schematic representation with the formation of several quantum dots in a single PDPP fiber. Within 

a single fiber, composed of several PDPP molecules, several different conduction paths between 

different molecules are available. In a schematic representation, one path of highest conductance is 

formed between several islands. These different islands with different capacitances are connected 

via tunnel barriers. Here, the charge transport is dominated by the junction with the largest barrier 

within this path of highest conductance. Since individual diamonds are distinguishable in Figure 5.9, 

the number of conduction paths as well as the number of islands in the channel is very small. 

Otherwise individual diamonds would be lost due to peak superimposition145. A theoretical 

description of a multigrain system connected via different tunnel barriers can be found in ref.146. 

In analogy to the Al2O3/TDPA gate, Coulomb and size-quantization effects were investigated for an 

hBN/graphite gate. The current and differential conductance map as a function auf VGS and VDS

measured at a temperature of 7 K can be seen in Figure 5.11 for sample H2. Here, the current is 

blocked in a range of |VDS| ⪅  1 V in the dark blue region (Figure 5.11 a)). In principle the same 

behavior as for the Al2O3/TDPA gate in Figure 5.9 with a superposition of different sized and irregular 

Coulomb diamonds is observable. However, no meaningful explanation why the Coulomb diamonds 

are less regular and hence only partially visible in the differential conductance map in Figure 5.11 b) 

could be found yet. The addition energies are varying from Eadd = 1.1 eV – 1.8 eV and are hence 

increased compared to what has been observed for the single fiber in Figure 5.9. One possible 

explanation could be that the different surface energies of hBN and TDPA (defined by different 

contact angles of 115° for TDPA 130 and 135° 131 for hBN) might lead to different fiber compositions 

with different sized quantum dots (The larger Eadd, the smaller the size of the quantum dot). In order 

to get more statistics, however, more measurements would be beneficial. With ε = 4 (see section 

Figure 5.10 Schematic illustration of single PDDP fiber composition. a) Possible configuration of 

single PDPP molecules within a single fiber. b) Schematic representation in the picture of single 

isolated islands.  
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5.1), the capacitance for sample H2 with an hBN thickness of 25 nm is, according to equation 2.1, ĈhBN

= 0.14 µF cm-2, which is ≈ 33 % of the capacitance of the Al2O3/TDPA gate (Ĉtot = 0.42 µF cm-2, see 

equation 5.1). The gate-coupling factor αhBN calculates with ΔV1
GS = 6.2 V and ΔV2

GS = 3.6 V to 0.29

and 0.3, respectively. Hence, the experimental results for the two different gate configurations with 

αhBN ≈ 0.33  αAl2O3/TDPA are in very good agreement with the theoretically derived capacity scaling (ĈhBN 

≈ 0.33 Ĉtot). The energy Eex for the observed excited state in Figure 5.11 b), highlighted by the whith 

arrow, cannot be calculated as the lines running parallel to the Coulomb diamonds doesn’t hit the 

diamond edges. Similar results for another measured single PDPP fiber on the same sample can be 

found in Figure C.8 in the appendix. 

The transfer characteristics at room temperatures in Figures 5.3 and 5.4 exhibit a clear off-state in 

the region around VGS = 0V, which is related to the band gap of Egap ≈ 1.8 eV of PDPP. Usually one 

would expect a zero-current gap in the (VGS,VDS)-current maps with N = 0 charge carriers in the 

quantum dot, reflecting the semiconducting gap corresponding to the off-current VGS region of the 

transfer curves. This has been successfully demonstrated for carbon nanotube quantum dots147,148. 

The tendency of a full depletion with an emptied quantum dot can be seen to some extent in Figure 

C.5 in the appendix in the form of increasing Coulomb blockade regions close to VGS = 0 V. In all other 

devices however this behavior was not observable. One possible explanation is that at elevated 

temperatures, different thermally activated preferred paths of high conductance form which freeze 

out when cooling down and that conduction paths over an array of quantum dots only form at 

cryogenig temperatures. The formation of different sized quantum dots (see Figure 5.10) at low 

temperatures, where smaller dots results in larger band gaps, makes a comparison with the transfer 

Figure 5.11 Coulomb blockade diamonds of a single PDPP fiber transistor on sample H2 measured 

at T = 7 K (p = 1.6 x 10-7 mbar). (VGS,VDS)-current map and b) differential conductance ∂ID/∂VGS as a 

function of VGS and VDS. Two different sized Coulomb diamonds are indicated by white dashed lines. 

Excited states are highlighted by white arrows. 
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curves at elevated temperatures questionable. Presumably for most devices, a complete emptied 

fiber cannot be achieved due to the priorly dielectric breakdown when increasing VGS. In order to 

investigate this discrepancy, however, further measurements would be beneficial. 

In summary, Coulomb blockade oscillations with clearly observable Coulomb blockade diamonds 

have been presented for the first time for single polymer fiber transistors and two different gate 

configurations. These observations probe the formation of quantum dots within single fibers at 

cryogenic temperatures. The irregularly shaped and sized diamonds in conjunction with the gap at 

zero bias match very well the results for an array of multiple quantum dots. Additionally, also excited 

states are detectable. To verify the energy scale of these excited states, optical measurements as e.g. 

Raman/IR measurements have to be done. To prevent the superposition of different conduction 

paths and to reduce the influence of different quantum dots, for further investigations the number 

of quantum dots in the channel has to be decreased. This can be e.g. achieved by contacting thinner 

fibers (see Figure 5.2) or by further reducing the channel length.  



Conclusion and Outlook 

In this work, charge transport dynamics at the nanoscale have been investigated. To this end, three 

different types of polymers, namely PDPP, P3HT and MDMO-PPV, as well as SWCNTs were studied 

with the aid of FETs with nanoscopic device dimensions. 

In the first part, the three polymers have been characterized in a newly developed vertical transistor 

geometry using the IL [EMIM][TFSI] as a gate. The semiconducting channel was formed by 

underetching the insulator separating the source and drain electrodes. Depending on the insulator 

material, the underetching was realized by wet or dry etching. During the device fabrication, all 

parameters can be precisely controlled. The channel length is given by the thickness of the insulating 

spacer and the channel cross section by the width of the bottom electrode and the distance of the 

underetched top electrode. These so called electrolyte-gated VOFETs exhibit excellent device 

performance metrics. In particular, when using PDPP as active material and SiO2 as electrode spacer 

with channel lengths down to 40 nanometers, the transistors were able to drive stable current 

densities in the MA cm-2 regime, which outperforms previously reported VOTs about a factor of 1000 

and compares well to inorganic vertical devices. Furthermore, the devices exhibit record 

transconductances of up to 5000 S m-1, on-off ratios of up to 108 and can be operated at bias voltages 

down to 10 µV. Additionally also P3HT and MDMO-PPV were successfully studied for the same device 

architecture, while the lower device performance is related to the lower intrinsic mobility of these 

materials compared to PDPP. When using CYTOP as insulating spacer and PDPP as OSC, the 

unteretched channel can be formed with an O2 plasma. The smaller on-current density might be 

explained by an only partial OSC channel filling due to the high hydrophobicity of CYTOP. To boost 

the electrical characteristics in future experiments, an improved wettability of the channel could be 

realized by an additional aluminium treatment prior to OSC deposition resulting in a reduced CYTOP 

hydrophobicity. Alternatively, further improvements can be made by choosing low surface-tension 

solvents with optimized wettability as e.g methanol or hexane. In general the channel length scaling 

is limited by the dielectric strength of the used insulator.  Utilizing the high breakdown voltages of up 

to 1.2 V nm-1 of hBN as spacer enabled the fabrication of devices with channel lengths down to only 

2.4 nanometers with atomically precise thickness control. Here a subthreshold swing of 65 mV dec-1

close to the room temperature limit of 60 mV dec-1 could be achieved. From an application point of 

view, downscaling of the transistor dimensions is a promising pathway to compensate the slow 

switching behavior and comparably low output currents for the given limited mobilites of currently 
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available materials. For all investigated electrolyte-gated VOFETs, the high capacity of the IL resulted 

in almost ideal electrical device characteristics with saturating output currents despite such short-

channel lengths and DIBL as the only observed short-channel effect. In summary this newly developed 

device geometry offers huge potential for the use in low power electronics and due to the small 

device dimensions in highly integrated applications. On the other hand, channel lengths down to 2.4 

nanometers could pave the way for intrachain charge transport investigations within single polymer 

chains.  

However, one drawback when using electrolyte gates is the limited switching frequency of up to 10 

kHz 51 with a predicted limit of 10 MHz 43 due to the limited ion diffusion velocity. This currently 

excludes their possible application in fast switching devices in digital circuits or active matrices. Hence 

for future experiments one major goal is to replace the IL of the presented VOFETs by solid dielectrics, 

a sufficient gate coupling to stay within the gradual channel approximation provided. This could be 

e.g. realized by stamping hBN on top of finished VOFETs, utilizing the large dielectric strengths down 

to atomically thin layers of this material. Another approach could be the deposition of high-k Al2O3

by low temperature atomic layer deposition 149 to prevent the OSC from thermal damage. Finite 

element simulations for the largest observed on-current density of 3 MA cm-1 have revealed an upper 

temperature of 70 °C during constant current flow caused by Joule heating. These findings in 

conjunction with a continuous and stable operation for at least 50 min at MA cm-2 current densities 

without significant degradation proves the potential of these devices for future realization of organic 

electrically driven laser diodes. Here the hurdle of implementing two different electrode materials to 

inject both electrons and holes has to be taken. Transparent indium tin oxide (ITO) with a work 

function of 4.7 eV could serve as the anode for hole injection and aluminum with a work function of 

4.3 eV as the cathode for electron injection. HF, necessary to form the underetched contact when 

using SiO2 as a spacer, would exclude this configuration, as also ITO and aluminum would be 

simultaneously etched. To also prevent aluminum from oxidation, one approach could be using 

CYTOP or hBN as spacer in an oxygen free atmosphere. Another possibility could be to pattern a 

narrow aluminum top contact by e.g. top lithography or stencil masks, without the need of an 

insulating spacer.   

Further, the developed electrolyte-gated VOFET architecture with PDPP as OSC and SiO2 as insulator 

was reused together with an additional poly(3,4-ethylenedioxythiophene) polystyrene sulfonate gate 

electrode in contact with the IL to investigate its application as neuromorphic devices. Applying 

consecutive VGS pulses, the transistor is already in a higher conductive state before another VGS pulse 

is applied, pushing more and more ions in the channel. Here a reversibly switching of the channel 

conductivity over five orders of magnitude (3.8 nS to 392 µS) has been shown. To prove synaptic 

plasticity, basic synaptic functions as pair pulse facilitation and post tetanic potentiation has been 

demonstrated. Given the high switching range, depending on the desired application, different 

conductance ranges from the nS to the hundreds of µS regime are accessible. Another huge 
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advantage of this approach is the low energy consumption as the devices can be operated at voltages 

down to 1 mV, which is inevitable in terms of up-scaling neuromorphic devices in hardware-based 

artificial neural networks. Indeed, with a first prototypes we showed the operation of up to three 

interconnected transistors. However for future possible application in large scale artificial neural 

networks, the device-to-device variability has to be reduced and the retention time for long-term 

operation increased10. Therefore, the IL should be replaced by solid gels, where the IL is embedded 

in a polymer matrix. Second, a new measurement setup has to be developed to simultaneously 

address more than three different devices in vacuum, to guarantee a sufficient long-term stability 

and constant water content within the electrolyte gate. Finally, an increased retention time could be 

achieved by further increasing the underetching, resulting in longer distances the ions have to travel 

out of the channel when no gate bias is applied.  

The potential of using electrolyte gates to investigate charge transport at the nanoscale was further 

demonstrated by measuring almost ideal electrical transistor characteristics of SWCNTs with channel 

lengths down to 10 nanometers. Here, by comparing measurements in vacuum right after loading the 

samples to measurements after a vacuum storage of more than two weeks, it was demonstrated that 

the hysteresis of IL gated devices not only depends on polarization dynamics and the VGS sweep rate, 

but also on charge traps in the vicinity of the SC IL interface, which might act as trap states for the IL 

ions. The experimental results were theoretically qualitatively described by the Landauer-Büttiker 

formalism.  

In the last part, single PDPP fiber transistors with channel lengths below 50 nanometers and two 

different gate configurations, a hybrid Al2O3/TDPA gate and a graphite/hBN gate, were fabricated. 

Temperature dependent measurements of some devices are giving first hints for band-like transport 

at high VDS, as the mobility at least remains constant from room temperature to a temperature of 10 

K. In most scenarios with decreasing temperature the electrical characteristics exhibit non-linear 

behavior with clearly distinguishable Coulomb oscillations. At low temperatures between 5 K and 10 

K Coulomb blockade diamonds in the stability diagram were demonstrated. The irregularly shaped 

diamonds indicate the formation of an array of single quantum dots within a single PDPP fiber. These 

results demonstrate that for small and highly crystalline organic systems, when size quantization as 

well as Coulomb interactions have to be considered, charges can only be transported over discrete 

energy levels. Additionally excited states in the form of lines running parallel to the Coulomb diamond 

edge were verified. By further reducing the channel lengths and contacting thinner fibers, the number 

of quantum dots could be reduced. Additionally to avoid potential thermal damage of the PDPP fibers 

during vacuum metal evaporation of the contacts 150–152, one approach would be the deposition of 

single fibers on pre-fabricated bottom contacts. An alternative possibility to fabricate nanoscopic top 

contacts without directly evaporating metal on the OSC is by pre-fabricating metal contacts 

embedded in hBN and subsequently transfer the flakes including the contacts onto single fibers, as 

has been already demonstrated for 2D materials 153,154. However in both approaches the control to 
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contact prior selected fibers via AFM would be lost and single fibers could only be contacted by 

chance.  
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Abstract 

Until now, organic semiconductors have failed to achieve high performance in highly integrated, sub-

100 nm transistors. Consequently, single-crystalline materials such as single-walled carbon 

nanotubes, MoS2 or inorganic semiconductors are the materials of choice at the nanoscale. Here we 

show, using a vertical field-effect transistor design with a channel length of only 40 nm and a footprint 

of 2 × 80 × 80 nm2, that high electrical performance with organic polymers can be realized when using 

electrolyte gating. Our organic transistors combine high on-state current densities of above 3 MA 

cm−2, on/off current modulation ratios of up to 108 and large transconductances of up to 5,000 S m−1. 

Given the high on-state currents at such large on/off ratios, our novel structures also show promise 

for use in artificial neural networks, where they could operate as memristive devices with sub-100 fJ 

energy usage. 
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I performed all sample preparations, experiments and data analysis for the vertical devices and the 

data analysis for the lateral devices. Fabio del Giudice performend the sample preparations and 

experiments for the lateral devices. The first draft of the manuscript was written entirely by me and 

I produced the final version. All figures were designed by me.  
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Abstract 

Ionic liquids enable efficient gating of materials with nanoscale morphology due to the formation of 

a nanoscale double-layer that can also follow strongly vaulted surfaces. On carbon nanotubes this 

can lead to the formation of a cylindrical gate layer, allowing an ideal control of the drain current 

even at small gate voltages. In this work we apply ionic liquid gating to chirality sorted (9, 8) carbon 

nanotubes bridging metallic electrodes with 20 nm and 10 nm gap size. The devices exhibit diameter-

normalized current densities of up to 2.57 mA/µm, on-off ratios up to 104 and a subthreshold swing 

of down to 100 mV/dec. Measurements after long vacuum storage indicate that the hysteresis of 

ionic liquid gated devices not only depends on the VGS sweep rate and the polarization dynamics but 

also on charge traps in the vicinity of the carbon nanotube, which in turn might act as trap states for 

the ionic liquid ions. The ambipolar transfer characteristics are compared to calculations based on 

the Landauer-Büttiker formalism. Qualitative agreement is demonstrated, and the possible reasons 

for quantitative deviations and possible improvements to the model are discussed. Besides being of 

fundamental interest, the results have potential relevance for biosensing applications employing high 

density device arrays. 
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I performed all electrical measurements and major parts of the data analysis. Alexander Janissek 

prepared the samples and Artem Fediai developed the theoretical model. I wrote the major part of 

the manuscript and produced the final version. 
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Abstract 

Miniaturization of electronic circuits increases their overall performance. Electronics based on 

organic semiconductors have up to now not played an important role in the miniaturization race. 

Here, we show the fabrication of liquid electrolyte gated vertical organic field effect transistors with 

channel lengths down to 2.4 nanometers. These ultra-short channel lengths are enabled by the 

atomically precise thickness and flatness of an insulating hexagonal boron nitride spacer separating 

the vertically aligned source and drain electrodes. The transistors reveal promising electrical 

characteristics with output current densities up to 2.95 MA cm-2 at -0.4 V bias, on-off ratios of 106, a 

steep subthreshold swing of 65 mV/dec and a transconductance of 714 S m-1. Realizing channel 

lengths in the sub-5 nanometer regime and operation voltages down to 100 µV proves the potential 

of organic semiconductors for future highly integrated or low power electronics. 

Contribution 

I performed all sample preparations, experiments and data analysis. The first draft of the manuscript 

was written entirely by me and I produced the final version. All figures were designed by me.  
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Abstract 

Electrolyte-gated organic transistors are promising candidates as a new class of neuromorphic 

devices in hardware-based artificial neural networks which can outperform their CMOS counterparts 

regarding time and energy consumption. Here, we utilize vertical electrolyte-gated transistors with a 

donor-acceptor diketopyrrolopyrrole-terthiophene polymer as active material to reversibly switch 

the channel conductivity over five orders of magnitude (3.8 nS to 392 µS). In addition to fundamental 

synaptic functions, we also demonstrate operation voltages down to 1 mV to minimize the energy 

consumption per switching event, which is a prerequisite in terms of upscaling hardware-based 

artificial neural networks. To investigate the potential of these transistors in future neuromorphic 

networks, we show the operation of up to 3 interconnected transistors. The high switching range, 

low operation voltage and basic interconnection highlights the promise of electrolyte-gated organic 

transistors for future integration into hardware-based neural networks. 
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I invented the device structure and did preliminary experiments using electrolyte gated VOFETs as 

artificial synapses. Christian Eckel and myself fabricated all the samples and wrote the main 

manuscript.  
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C Supporting information: Single 

polymer fiber transistor 

Lab book sample assignment: D21  H1; D37  H2; D8  H3; D29  A1; D36  A2 

C.1 Fabrication of single fiber transistors 

To avoid degradation of the PDPP polymer all fabrication steps involving exposure to ambient 

conditions were performed in an ozone cleaned atmosphere. 

Single polymer fiber transistors with a hybrid Al2O3/SAM gate 

Figure C.1 E-beam lithography layout for single polymer fibers on a local Al2O3/SAM gate. 
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The device fabrication for single polymer fiber transistors with a local hybrid Al2O3/SAM gate 

dielectric, which included three different lithography steps, was performed according to the klayout 

(version 0.24.4 by Matthias Köfferlein) design in Figure C.1. First the local gate electrodes and markers 

were patterned, whereby a 1000 µm writefield was used for the red gate leads and a 100 µm for the 

green local gate electrode and markers. The larger outer markers were used to align the layout for 

the second and third lithography step and the small markers next to the gate electrode to locate 

single polymer fibers using AFM (Dimension 3100). After Al2O3 deposition on the whole surface the 

local SAM regions (violet) were patterned in a second lithography step (see section 3.2). While the 

rest of the substrate is covered with PMMA to maintain the hydrophilicity of SiO2, the TDPA SAM was 

formed locally on the gate electrodes due to the large hydrophobicity of phosphonic acid SAMs 156

which would in case of a whole coverage prevent the wettability of PMMA in the last lithography 

step. Single polymer fibers on local Al2O3/SAM gate were deposited by immersing the sample 

overnight in a 0.02 wt.% solution of PDPP in MDCB at room temperature. The solution was previously 

stirred at least for 6 hours at 80 °C. The sample was blow-dried with nitrogen and baked for 5 min at 

80°C. After OSC deposition, a third lithography step was performed to contact the single polymer 

fibers (not shown in Figure C.1). Here, instead of a 3 min 150 °C softbake, the PMMA was baked for 

5 min at 120 °C to prevent thermal damage of the OSC. In this last lithography step PDPP was 

contacted with PMMA and anisole, heated to 120 °C and immersed in acetone and isopropanol for 

lift-off. 

Single polymer fiber transistors with a graphite/hBN gate 

Figure C.2 Sample H1: Single polymer fibers on a graphite/hBN gate where the sample was 

immersed a 0.2 wt.% solution. a) Optical microscopy image of the finished stack with the bottom 

graphite electrode (black) and top hBN layer (red). b) AFM image after fiber deposition and c) zoom 

in of the black rectangle in b). The thickness of the hBN flake is 25 nm.  
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After the fabrication of a graphite/hBN stack (see section 3.3) a local marker system to locate single 

polymer fibers using AFM and to align the contact layout was applied. As these small markers showed  

poor adhesion to the hBN surface and tended to rotate or dissolve, RIE was performed for 11 sec 

(recipe can be found in publication P4) after developing PMMA to embed the evaporated markers in 

hBN/graphite. Single polymer fibers were deposited in two different ways. One approach (see Figure 

C.2) is completely analogous as above with the exception that a 0.2 wt.% solution was used. Although 

this technique results in single polymer fibers on the hBN surface as can be clearly seen in the AFM 

images in Figure C.2 b-c), also large polymer clusters are formed. To assure that the large grains are 

indeed the OSC on top of hBN and not dirt or glue residues in between the graphite and hBN layer 

resulting from the stamping procedure, AFM images were taken after every single step for a different 

sample. Here the large grains were not observed until immersing the sample in the OSC solution. One 

possible explanation why these large clusters only form at the overlay of graphite and hBN could be 

a different surface energy induced by the underlying graphite layer. Nevertheless, single fibers on this 

sample were contacted for electrical characterization (sample H1).  

To avoid large polymer clusters, a different approach was used for another stack (Figure C.3; sample 

H2). A solution of 0.05 wt.% was drop casted on the substrate. Subsequently the droplet was slowly 

blown over the graphite/hBN stack with nitrogen, resulting in a very thin remaining layer of the OSC 

solution. The sample was dried at room temperature and subsequently baked for 5 min at 80 °C. 

Here, no large polymer clusters can be seen in the AFM images. It has to be noted that the poor 

quality of small AFM images (see Figure C.3 c)) is probably related to a broken vacuum pump, which 

is necessary to fix the sample during AFM scanning.  

Figure C.3 Sample H2: Single polymer fibers on a graphite/hBN gate where an OSC solution was 

drop-casted on the sample. O) Optical microscopy image of the finished stack with the bottom 

graphite electrode (black) and top hBN layer (red). b) AFM image after fiber deposition and c) zoom 

into the black rectangle in b). The thickness of the hBN flake is 11 nm in region 1 and 25 nm in region 

2 (see a)). 
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C.2 Electrical characteristics of single fiber transistors 

In this section, further measurement data not shown within the discussion in section 5 is presented. 

The additional data supports the presented results and is shown for completeness and reference. 

Influences of contact OSC interface on electrical characteristics 

The influence of the contacts in terms of contact resistances and tunnel barriers can be seen in Figure 

C.4 by comparing two measurements on the same transistor, where the source and drain 

configuration was exchanged between the first (solid lines) and the second (dashed lines) 

measurement. As can be clearly seen in both the output and transfer characteristics, the different in- 

and ejection barriers lead to different shapes and magnitudes of the measured currents.  

Figure C.4 Transfer characteristics of a single PDPP fiber transistor with an Al2O3/TDPA gate (sample 
A1) for varying temperatures (p = 1.9 x 10-7 mbar) measured at VDS = -2.5 V with a transport freeze-
out at lower temperatures.  Due to poor thermal coupling the given temperatures are not the real 
sample temperatures. The qualitative temperature behavior is still valid.  
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Coulomb blockade measurements in addition to section 5 

Figure C.5 shows the first measurements of Coulomb diamonds for the same device as in Figure 5.6. 

However, the diamonds are only partially visible as a too small VDS range was chosen.  

Figure C.5 Current characteristics of the same device as in Figure 5.6 at T = 5.8 K. a) (VGS,VDS)-current 

map and b) differential conductance ∂ID/∂VGS.

Figure C.6 Influence of source and drain contacts on the electrical characteristics of a single PDPP 
fiber transistor on sample A2 measured at T = 10 K (p = 1.6 x 10-7 mbar). a) Output characteristics 
for two different VDS and b) transfer characteristics for VDS = -0.5 V. The solid and dashed lines refer to 
an exchange of the source and drain electrodes.  
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In Figure C.7 another single fiber measurement on the same sample as in Figure 5.8 (sample A2) can 

be seen. Although a lot of excited states are visible, due to a larger disorder the individual Coulomb 

diamonds are not distinguishable in the differential-conductance ∂ID/∂VGS map. 

Figure C.8 shows another single fiber measurement on the same sample as in Figure 5.9 (sample 

H2) with a very asymmetric conductance for positive and negative VDS.  

.

Figure C.7 Coulomb blockade diamonds of a single PDPP fiber transistor on sample A2 measured at 

T = 5.5 K (p = 1.7 x 10-7 mbar). (VGS,VDS)-current map and b) differential conductance ∂ID/∂VGS as a 

function of VGS and VDS. Excited states are highlighted by white arrows.  

Figure C.8 Coulomb blockade diamonds of a single PDPP fiber transistor on sample H2 measured at 
T = 7 K (p = 1.6 x 10-7 mbar). (VGS,VDS)-current map and b) differential conductance ∂ID/∂VGS as a 
function of VGS and VDS. Excited states are highlighted by black arrows 
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