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CHAPTER I 
 

1. Introduction 
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1.1 Background and motivation 

 Recent progress in organic electronics has brought several applications to 

the market. Leading this trend are the flat-panel displays based on organic light-

emitting diodes (OLEDs) currently sold in stores (as shown in Figure 1.1a), and the 

next-generation radio frequency identification (RFID) tags which could be attached 

to virtually every commodity in supermarkets in the foreseeable future.  

 More specifically, as a potential low-cost alternative to traditional 

amorphous-silicon based devices, organic field-effect transistors (OFETs) are now 

of great research interest for the broad fields of information displays and 

microelectronics, and expected to be ultimately incorporated into all-plastic 

integrated circuits 
[1]

 for rollable OLED display backplanes 
[2][3]

 (Figure 1.1b), flexible 

electrophoretic (e-ink) displays 
[4]

 (Figure 1.1c), and flexible RFID tags 
[5]

 (Figure 

1.1d).  

 

 
 

Figure 1.1 Representative applications of organic semiconductors in optical displays and 

microelectronics. (a) LG Electronics: the world’s largest OLED HDTV presented at the 2012 

Consumer Electronics Show (CES) in Las Vegas, it has a display size of 55 inches, weighs a 

mere 7.5 kg and is only 4 mm thick 
[6]

. (b) Sony: a rollable full color 4.1 inches OLED display 

driven by OFETs, being wrapped around a thin cylinder 
[7]

. (c) Polymer Vision: ‘Readius’, a 

flexible electrophoretic (e-ink) display fabricated on plastic substrates using OFET backplanes 
[8]

. (d) PolyIC GmbH & Co. KG: roll-to-roll printing organic RFID tags on plastic substrates 
[9]

. 

 

 Over the last decade, breakthroughs have been made in the performance of 

OFETs based on π-conjugated small-molecule organic semiconductors (OSCs) 
[10][11]

. Among them, tri-isopropylsilylethynyl pentacene (TIPS-PEN) and its 

derivatives have been under extensive investigation, given their good charge-
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transport properties combined with decent air-stability, as well as the possibility of 

inexpensive solution-processing at relatively low temperatures 
[12][13]

.  

 Controlling the growth and morphology of small-molecule and/or polymeric 

OSCs is the key to achieve optimal performance for various organic optoelectronic 

devices such as OFETs 
[14]

, OLEDs 
[15]

, and solar cells 
[16]

. Structural inhomogeneity 

within a single component 
[17]

 or between phase-separated blends 
[18]

 has a 

significant impact on the charge-transport properties 
[19][20]

, current densities 
[21]

, and 

exciton related processes 
[22]

, giving rise to a certain spread of the local properties. 

This spread leads to performance variation from one functional device to another, 

and therefore hampers the practical applications of numerous devices integrated in 

large areas. For instance, any non-uniformity in charge-carrier mobility and/or on-set 

voltage of the driving transistors will potentially result in significant variations of pixel 

luminance in an active-matrix OLED display. Apparently, to effectively integrate 

individual OFETs onto OLED display backplanes over entire circuitry matrix, the 

spread of device parameters for these OFETs (typically thousands to millions of) 

should be minimized 
[1][4][23]

.  

 To this end, motivated by the practical applications of OFETs, currently in 

both academic and industrial domains, unremitting efforts have been undertaken to 

establish an ultimate control of morphology and molecular order for small-molecule 

and/or polymeric OSCs. The objective is to improve device performance, yield, and 

uniformity over large areas. This will continue to be one of the prerequisites for the 

commercial success of organic electronics. 

 

1.2 Molecular order and morphology control of organic 

semiconductors 

 Organic semiconductors refer to a group of π-conjugated small molecules or 

polymers. They comprise alternating single and double (carbon-carbon) bonds in 

their molecular/polymeric backbones. This conjugation forms a so-called ‘π orbital’ 

providing a mutual overlap of the neighboring pz electrons. These ‘π-electrons’ are 

delocalized in space (and energy) and therefore can move (freely) along the 

conjugated backbone within an individual molecule (or polymer chain) through this 

so-called electron ‘cloud’. More importantly, these delocalized π-electrons can also 

travel from one molecule (or chain) to another via their shared electron ‘clouds’. The 

probability and efficiency of this inter-molecular/inter-chain charge-transfer are 

cooperatively determined by the amplitudes of ‘transfer integral’ (the extent of π-

orbital overlaps) and the ‘reorganization energy’ (energy consumption/loss during 

electron transfer/exchange), between the adjacent molecules or polymer chains 
[24]

, 

according to quantum-chemical calculations 
[25][26][27]

. In general, the higher the 

transfer integral and the lower the reorganization energy, the faster exchange of 

electrons between adjacent molecules would be, and the higher the charge-carrier 

mobility of the material is expected to be 
[24][28][29][30]

. 
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1.2.1 Tuning molecular order by molecular design 

 Since the charge-carrier transport in π-conjugated OSCs is taking place 

along the overlapped intra- and inter-molecular π orbitals, the degree of overlap 

between neighboring π orbitals will essentially determine the intrinsic charge-carrier 

mobility of the semiconductor 
[31]

. Or translated to the molecular length scales, the 

way how the adjacent molecules are organized (packed) in the solid state is 

dominating the device mobility of an OSC 
[27]

. 
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Figure 1.2 Chemical structures of representative π-conjugated small-molecule 

semiconductors. (a) pentacene, with the numbers of positions for substituents. (b) TIPS-PEN. 

(c) TES ADT. (b) and (c) are used in some of the devices throughout this thesis. 

 

 It is obvious that the chemical structure of an OSC is the first factor 

determining the inter-molecular interactions between adjacent molecules. This 

dominates the molecular packing when the molecules are brought into their solid 

state. Therefore it has been a common practice for chemists to tune the packing of 

OSC via a careful molecular design 
[31][32][33][34]

, in which the major packing motifs, 

effects of substitutions such as steric hindrance, and introduction of heteroatoms or 

polar groups, etc., are considered as the general design principles 
[28]

. A well-known 

example is introduced by Anthony et al. 
[35][36]

. When two tri-isopropylsilylethynyl 

groups are added on the symmetric 6- and 13- positions (denoted in Figure 1.2a) of 

pentacene, the so-called ‘edge-to-face’ herringbone packing style of pentacene (as 

depicted in Figure 1.3a), will be altered to a ‘face-to-face’ π-π stacking, i.e. the ‘2D 

brick-wall’ packing motif (shown in Figure 1.3b). It is believed that substitutions at 

the peri- (or side-) positions of the acene backbone discourage the C–H ··· π 

interactions (i.e. ‘edge-to-face’ arrangement in pentacene) 
[36]

. This facilitates a close 

cofacial π-π stacking 
[37]

. Meanwhile the length of the substituents here was 

designed to be approximately half of the length of the pentacene backbone, which 

also favors the ‘2D brick-wall’ packing in TIPS-PEN 
[37][38]

. As a consequence of the 

‘face-to-face’ π-π stacking in TIPS-PEN, the degree of overlap between neighboring 

π orbitals is enhanced, and the transfer integrals thereof are increased, leading to 

improved charge-carrier mobility in transistors 
[36]

. Other crucial improvements over 

the non-substituted pentacene are the significantly increased solubility of TIPS-PEN 
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in common organic solvents, and a better environmental stability for the active 

pentacene backbone, both properties are introduced by the bulky substituents 
[11][35][38]

. Apparently, the improved mobility, solubility, and stability of TIPS-PEN, 

provide all desired properties for device applications. Therefore, TIPS-PEN is 

regarded very promising for use in solution-processed OFETs, for high-throughput 

and large-area productions of organic electronics. This possibility is also reflected by 

the fact that TIPS-PEN is currently commercially available from many major 

chemical companies around the world, e.g. Sigma-Aldrich, Merck, 3M, and Flexink. 
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Figure 1.3 Typical inter-molecular packings for π-conjugated small-molecule OSCs in solid 

state, with each ‘disc’ representing a planar ‘π-face’ of an individual molecule 
[12]

. (a) 

herringbone packing with edge-to-face style (as indicated by the red arrow) between adjacent 

molecules (e.g. pentacene) 
[39][40]

. (b) π-π stacking with face-to-face style (2D brick-wall) 

between adjacent molecules (e.g. TIPS-PEN 
[35]

 and TES ADT 
[41]

). Note that the average 

distances (D) between the π-faces are different: D ≈ 6 Å for herringbone 
[39]

, and ≈ 3 Å for 2D 

brick-wall 
[35][41]

, respectively, i.e. much closer π-face distance in the case of TIPS-PEN than 

pentacene. 

 

 It is worth noting that the type of symmetry in the molecular structure also 

influences the charge transport properties of OSCs, e.g. the molecules or polymer 

chains which possess a C2 symmetry (or a so-called ‘open book geometry’) tend to 

give a relatively high mobility in OFETs, compared with the ones without such a 

molecular symmetry 
[24]

. The acene-based OSCs studied in this thesis, e.g. TIPS-

PEN (Figure 1.2b) and 5,11-bis(triethyl silylethynyl) anthradithiophene, TES ADT 

(Figure 1.2c), all have this C2 symmetry in their molecular structures and decent 

device mobilities in excess of 1 cm
2
/Vs, indeed in favor of this suggestion 

[24]
, which 

indicates again that molecular packing is crucial for obtaining a high mobility. 

 Although still under debate, it is commonly accepted that among all types of 

molecular packing styles, π-π stacking provides the most efficient charge transport 

path for OSCs. This is supported by the fact that most of the high-mobility OFETs 

reported so far were based on OSCs adopting a 2D π-π stacking (Figure 1.3b), 

such as TIPS-PEN 
[35]

, TES ADT 
[41]

, and another extensively studied fluorinated 

derivative of TES ADT, diF-TES ADT 
[42][43]

. Indeed, the comparison between 

pentacene and TIPS-PEN hints towards such a trend. However, very recently some 

record-high mobilities were (surprisingly) reported for solution-processed OFETs 
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using a group of thienoacene-based molecules 
[44]

 with ‘herringbone-like’ type 

molecular packing 
[45]

, such as the benzothieno[3,2-b]benzothiophene derivatives 

(Cn-BTBT and DPh-BTBT) 
[46][45][47][48]

, and dibenzo[d,d']thieno[3,2-b;4,5-

b']dithiophene (DBTDT) 
[49][50]

. The high device mobilities (typically above 1 cm
2
/Vs) 

and decent air-stability of Cn-BTBTs were attributed to a cooperative inter-molecular 

interactions consisting of a ‘herringbone-like’ (C–H ··· π) interaction, a sulfur–sulfur 

interaction, and a hydrophobic interaction induced by the long alkyl chains 
[45]

. These 

comprehensive inter-molecular interactions substantially enhance the inter-

molecular overlaps of the ‘π-electron clouds’ and thereof significantly improve the 

charge transport properties of this type of thienoacene-based OSCs 
[44]

. 

 Furthermore, recalling pentacene, the benchmark OSC material to date with 

typical herringbone-packing style (Figure 1.3a), it is intriguing that upon device 

optimizations an average transistor mobility well above 1 cm
2
/Vs was already 

reported 
[51][52]

, let alone single-crystalline pentacene reaching a mobility as high as 

40 cm
2
/Vs 

[53]
.  

 To date, there is no definite answer to what kind of chemical structure with 

which type of molecular packing (e.g. herringbone or π-π stacking) would result in 

an intrinsic high-mobility OSC 
[28][54][55][56][57]

. Apparently a complex interplay between 

all factors is taking place, and therefore it is far from trivial to improve the device 

performance of OSCs solely by the approach of molecular design. Next, the 

manipulation of morphology and molecular order of OSCs by various controlled 

deposition methods (from solution phase) will be discussed. 

 

1.2.2 Manipulation of morphology through controlled deposition from solution 

 The morphology of small-molecule crystalline OSC material, in a 

macroscopic view, is how the crystals appear after deposition, visible to the naked 

eyes on length scales of millimeters to centimeters. On the other hand, the 

microscopic definition of the morphology deals with the degree of crystallinity, the 

texture (shape, size, thickness) and directionality of the crystallites, the types of 

crystal packing and lattice system, and the extent of crystal defect (structure 

disorder or chemical impurity, etc.), typically on the scale of nanometer to 

micrometer range. These macro- and micro-structures are inherently correlated and 

have an immediate impact on the charge transport properties of OSCs 
[56][57][58]

. 

Therefore, the structure-property relationships are of paramount importance for the 

performance optimizations of OFETs 
[14][55]

.  

 To a large extent, the morphology of OSCs is determined by the way they 

are deposited. Nowadays three major deposition methods are available for 

controlled depositions of OSCs: (i) traditionally widely used thermal (vacuum) 

evaporation (for thin-film formation) or physical vapor transport (for singe-crystal 

formation); (ii) currently extensively exploited solution-based processes; and (iii) 

recently reported solid-state (solvent-free) processes by compression-molding 
[59]

 or 

friction-transfer 
[60]

. Among them solution-based processes offer several advantages 

such as being more efficient, low-temperature adaptable, and potentially 
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inexpensive and easily tunable. They are therefore highly promising for high-

throughput and large-area mass production of organic electronics. Over the past 

decade numerous solution-based deposition methods have been introduced and 

frequently reviewed 
[28][61][62][63]

. 

 In general, the following processing factors cooperatively determine the final 

morphology of solution-deposited OSCs: (i) the nature of the solution (temperature, 

solute concentration, solubility of the solute, boiling point, polarity, surface tension 

and viscosity of the solvent or solvent mixture, etc.); (ii) the deposition technique 

(drop-cast 
[64]

, spin-coat 
[65]

, ink-jet print 
[66]

, spray-coat 
[67]

, dip-coat 
[68]

, zone-cast 
[69]

, 

doctor-blade 
[41]

, solution-shear 
[70]

, wire-bar coat 
[71]

, micro-fluidic arrays 
[72]

, micro-

molding-in-capillaries 
[73]

, droplet-pinned crystallization 
[74]

, Langmuir-Blodgett 

technique 
[75]

, and self-assembly from solution 
[76]

, etc.) and the processing 

parameters therein (e.g. the speed/program for spin-coat), which provide different 

drying speeds and/or unique fluid- and thermal- dynamics during solvent 

evaporation; and (iii) the interactions between applied solution and the substrate 

(temperature, surface energy, polarity, and roughness, etc.).  

 The as-cast films are often inhomogeneous or even noncontinuous. Post-

deposition methods such as solvent-vapor annealing 
[62][77][78]

 and thermal annealing 
[79][80][81]

, are sometimes used to induce molecular order or improve uniformity of the 

films. 

 

Single-component organic semiconductors 

 As mentioned in previous sections, TIPS-PEN is currently regarded as a 

model single-component OSC material for solution-processed OFETs, based on its 

good solubility in common solvents, high charge-carrier mobility, and decent stability 

in air 
[35][65][82][83]

. The morphology and structure-property relationships for TIPS-PEN 

and its analogs have been summarized in literature 
[11][38]

, and various solution-

based methods for controlled depositions of this type of materials have also been 

well documented 
[12][13][83]

. With optimized combination of above mentioned 

processing parameters, four types of typical morphologies 
[64][66][84][85][86][87]

 can be 

found for solution-processed TIPS-PEN crystals: ribbon-like needles, various 

shaped spherulites, big platelets, or parallelepiped-shaped single crystals with well-

defined crystal facets.  

 

Single crystals 

 Given the advantage of absence of disorder or grain-boundary in organic 

single crystals 
[88][89][90][91]

, it is generally believed that direct fabrication of single-

crystal OFETs from solution-phase is an effective route to achieve device 

performance superior to the polycrystalline thin-film device. By making use of 

the solubility difference for two solvents, a so-called ‘solvent-exchange’ method was 

introduced to produce single-crystals of TIPS-PEN, in which a small volume of a 

solution containing the TIPS-PEN molecules in a good solvent is injected into a large 
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excess of a bad solvent, resulting in ribbon-like single crystals exhibiting mobilities of 

up to 1.4 cm
2
/Vs in a bottom-gate/top-contact configuration 

[87]
.  

 Very recently, a similar concept was used for a more ‘exotic’ ink-jet printing 

method with a double print heads 
[46]

: First, a large number of droplets of a bad 

solvent (or the so-called ‘antisolvent’) were ink-jet printed to fill up a pre-designed 

protuberance-shaped reservoir. Then instantaneously, from a second print head, a 

few droplets of a good solvent containing OSC molecules (C8-BTBT or TIPS-PEN) 

were printed onto this confined liquid layer of the bad solvent, at a specific location 

to induce a laminar flow of the microfluid. This led to a slowly moving front of crystal 

growth and eventually single-crystal or single-crystal-like thin films deposited in the 

designated area. Although no device data for TIPS-PEN was presented in this study, 

the as-printed C8-BTBT single-crystal films displayed a maximum mobility as high as 

31.3 cm
2
/Vs, a record value for Cn-BTBT based OFETs so far 

[44][46]
.  

Another recent example of single-crystal OFETs were fabricated by ink-jet 

printing TIPS-PEN dissolved in a specific co-solvent mixture, and via a spatial 

patterning of dewetting self-assembled monolayer by deep UV exposure to define 

the nucleation sites for single-crystal growth. Finally, solvent-vapor annealing was 

used to improve the device performance, where a highest mobility of 1.7 cm
2
/Vs was 

achieved 
[92]

. These latest developments for controlled depositions of single-crystal 

OFETs are indeed intriguing, and encouraging for further endeavors.  

 

Uniaxially-aligned crystals  

 Meanwhile, several studies by electrical or optical approaches have 

confirmed that charge transport in π-conjugated organic single crystals is, to a large 

extent, dependent on their crystallographic direction: electrical measurements of 

field-effect mobilities for rubrene single crystals grown by physical vapor transport 

demonstrated that the mobility along the b-axis was a factor of 3.5 larger than in the 

a-axis direction 
[93]

; transient photoconductivity measurements on TIPS-PEN single 

crystals fabricated from solution exhibited almost the same anisotropy value 
[94]

. 

Therefore, in an ideal device, all TIPS-PEN molecules between the source and drain 

electrodes should form a ‘mono-domain’ arrangement with the major π-π stacking 

axis parallel to the source-to-drain bias direction. This well-aligned crystallographic 

direction has been demonstrated in various single-crystal OFETs to provide an 

optimized charge-transport path and maximized device mobility 
[95][96][97]

.  

 Dip-coating has been proven effective to produce such a well-oriented 

morphology, with long needles of TIPS-PEN uniaxially aligned along the source-to-

drain direction 
[68][98]

. Interestingly, on top of the in-grain anisotropy, the presence of 

grain boundaries 
[68]

, high degree of molecular ‘misorientation’ at certain less 

favorable grain boundaries with high crystallographic ‘misorientation’ (in the case of 

‘2D brick-wall’ π-π packing such as TIPS-PEN) 
[17]

, and material voids 
[98]

 within the 

active channels, were all found additionally limiting the charge transport and highly 

anisotropic, responsible for the observed large anisotropy of OFET mobilities. 
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 Zone-casting is a well-known technique to fabricate well-aligned films of 

columnar discotic liquid-crystalline OSCs 
[69][99]

. More recently, a so-called ‘solution-

shearing’ method, comparable to zone-casting in its setup but conceptually more 

close to the ‘doctor-blading’ 
[41]

, was introduced to produce uniaxially oriented 

needles of TIPS-PEN 
[100]

 and other small-molecule OSCs 
[70]

, with typical 

morphologies very similar to the ones previously deposited by dip-coating 
[17][68][98]

. 

However, the striking finding from Ref. 
[100]

 is that the π-π stacking distance of TIPS-

PEN crystals can be fine-tuned (from 3.33 Å to 3.08 Å) by varying the solution-

shearing speed. This was explained by the incrementally introduced ‘lattice strain’ to 

the strained films during solution-shearing. Apart from the well-known effects of 

crystal size, orientation, and number of grain boundaries, it was also found that the 

overall charge-transfer integrals may not necessarily increase with a shorter π-π 

stacking distance, due to the molecular displacements along both the molecular long 

and short axes, caused by the ‘lattice strain’ induced in the crystal packing. A 

maximum transistor mobility of 4.6 cm
2
/Vs was measured in a bottom-gate/top-

contact configuration, sheared at an intermediate speed of 2.8 mm/s with a 

moderate π-π stacking distance. 

 Last but not the least, it is worth noting that the above-mentioned methods 

to uniaxially align OSCs from solution always obtain the best-performing OFET 

devices at deposition speeds on the order of mm/s and even lower, at least 3 orders 

of magnitude slower than the conventional industrial printing process. Consequently, 

further development of more industrially viable deposition methods is considered as 

the major step forward towards the commercial success of organic electronics. 

Meanwhile it remains very challenging to translate the current knowledge gained 

from research labs to future practical production lines. 

 

Blending small molecules with polymers 

 As an alternative to single-component OFETs, blending the small-molecule 

OSC with a polymer, is another effective approach to improve the morphology and 

device performance of small-molecule-based OFETs 
[18]

. The molecular weight, 

crystallinity, conductivity (semiconducting or insulating) of the blended polymer, the 

choice of the solvent/co-solvent, and the blending ratio between small molecules 

and polymers are usually the parameters of interest for device optimizations.  

 It is commonly believed that, upon casting and solvent evaporation, the 

occurrence of a vertical stratification between the small-molecule OSC and blended 

polymer plays a crucial role for the device performance of these blend transistors 
[18]

. 

Under proper processing conditions, during solvent drying the small-molecule OSC 

can be predominantly expelled to both the top (air) and bottom (substrate) interfaces 

of the deposited blend film 
[101][102][103]

. Since the charge transport in OFETs takes 

place within the zone of only a few nanometers away from the 

semiconductor/dielectric interface 
[104]

, as long as this vertical phase stratification 

results in an almost ‘pure’ phase of small-molecule OSC at the interface, high-

performance blend transistors would be achievable.  
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 Moreover, at least three mechanisms were recently proposed in literature for 

the improved charge transport in blend transistors: (i) Ohe et al. explained that the 

addition of the polymer binder results in a slower solvent drying and hence to an 

improved film morphology and uniformity 
[102]

; (ii) Rivnay et al. suggested that, the 

energetic barrier for charge transport across certain less-favorable grain boundaries 

with high degree of molecular ‘misorientation’ (present in the neat small-molecule 

OSC with a ‘2D brick-wall’ π-π packing), can be substantially reduced when a 

semiconducting polymer is added, leading to an improved device performance 
[17]

; 

and (iii) Yoon et al. proposed that blending an insulating polymer influences the film 

formation process of the small-molecule OSC, and acts (indirectly) as a purification 

method, the so-called ‘zone-refinement effect’ during solidification 
[105]

. 

 In line with optimizing the morphology of OSCs by blending, high resolution 

characterization techniques are usually desired to obtain deeper understanding on 

how the altered morphology relates to the charge-transport properties in devices, e.g. 

the effects of  induced vertical (or lateral) phase-separation. Electrical scanning 

probe microscopy has been proven an effective tool to reveal such structure-

property relationships microscopically, on active layers of different types of devices 
[106][107][108]

, taking advantage of its ability to image topography simultaneously with 

other surface properties at a typical resolution of 10-100 nm. In the case of OFETs, 

scanning Kelvin probe (SKPM) 
[108][109][110][111]

 and electric force microscopy (EFM) 
[107][112]

 were extensively used to study the local charge-transport properties within 

the transistor channels. Alternatively, conductive atomic force microscopy (C-AFM) 

is a current sensing technique that monitors the variations in electrical conductivity 

of materials and thus can reveal charge-transport paths and barriers 
[113][114][115][116]

. 

These high resolution techniques are continuously serving as powerful tools for 

probing the important dynamic interfaces of OFETs, and for better understanding the 

structure-property relationships in organic electronics. 

 

1.3 Organic field-effect transistors 

 In simple words, a transistor is an electronic switch with its ON- and OFF-

states modulated by the gate bias applied. In contrast to the ‘metal-oxide-

semiconductor field-effect transistors’ (MOSFETs) in which a so-called ‘inversion’ 

layer is formed during operation 
[117][118][119]

, organic field-effect transistors (OFETs) 

are typically operating in the ‘accumulation’ mode 
[120][121][122][123]

. The working 

principle of an OFET, in a typical ‘bottom-gate/bottom-contact’ (BG/BC) device 

configuration, is illustrated in Figure 1.4. When a voltage bias (VGS) is applied to the 

gate electrode, charge carriers (with a polarity opposite to the gate bias) can be 

injected from the source/drain electrodes and accumulated at the 

semiconductor/dielectric interface, i.e. a conducting channel is induced by the gate. 

Under a lateral source-drain bias (VDS), these gate-induced mobile charges will flow 

laterally along the interface, i.e. a source-to-drain field-effect current (ISD) occurs and 

the transistor is turned ‘ON’. 
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Figure 1.4 Schematic illustration (cross-section view) for a p-type field-effect transistor in 

operation, in a bottom-gate/bottom-contact (BG/BC) configuration. This device configuration is 

used throughout this thesis (except for Chapter 8 where a top-gate/bottom-contact will be 

adopted). 

 

 To date, the fundamental understandings on charge-transport mechanisms 

of OSCs 
[27][30][124][125][126]

, detailed methods for device parameter extractions of 

OFETs 
[10][127][128]

, full descriptions of energy level alignment and charge injection 

process 
[129][130][131]

, and comprehensive analyses on device physics 
[91][132][133][134][135]

 

and interface engineering 
[136][137][138]

 for organic thin-film and/or single-crystal 

transistors, have been extensively reviewed in various literature.  

 Despite the differences in morphology, molecular order, and the level of 

chemical purity in the active semiconducting layer, a mobility value in a specific 

transistor device is actually a combined result of (i) device configuration (BG/BC, 

TG/TC, BG/TC, TG/BC) and geometry (channel length/width, thickness of the 

semiconductor layer); (ii) interfacial properties of the semiconductor/dielectric and 

semiconductor/contact interfaces; (iii) energy level alignment at the 

semiconductor/contact interfaces; and (iv) the dielectric constant 
[139]

 and surface 

polarity (influencing the density-of-states 
[140][141]

) of the dielectric layer. For instance, 

it is generally believed that BG/TC and TG/BC configurations give a larger effective 

surface area for charge injection from the source/drain contacts, leading to a lower 

contact resistance, compared with the BG/BC or TG/TC devices, despite the fact 

that the injected charges have to travel through the bulk of the semiconductor layer 
[136]

. 

 Clearly, the mobility in an OSC is a device-parameter rather than a material-

parameter (sometimes even varies when the current-voltage sweeping speed is 

different), therefore one should bear this in mind when comparing mobility values for 

transistors produced in different device architectures, or measured under different 

conditions, etc.. 

   

1.3.1 Self-assembled monolayer transistors 

 As an alternative to the ‘conventional’ solution-based processes described 

above, the idea of fabricating OFETs in which the active semiconducting layer 

consists of a monolayer of the molecules spontaneously self-assembled from 

solution (i.e. without human intervention) is fascinating, and envisioned by many 

researchers as the ‘holy grail’ for the so-called ‘bottom-up’ approach in molecular 

electronics.  
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 Self-assembled monolayers (SAMs) are organic assemblies formed by the 

chemisorption of molecular constituents from solution (or the gas phase) onto the 

surface of a solid substance (substrate). The adsorbates can organize themselves 

autonomously (and sometimes epitaxially) into crystalline (or semicrystalline) 

structures 
[142]

. The functionality of a SAM can be chemically tailored by the 

properties of its terminal group, which renders its versatility in many applications in 

organic electronics 
[137]

: e.g. tuning the work-function of metals 
[143]

, patterning the 

wetting properties of surfaces 
[144]

, and fabricating large-area molecular junctions 
[145]

 

or ultrathin nano-dielectrics for transistors 
[146]

. However, only a few studies on the 

use of SAM as the active charge-transport layer in field-effect transistors (SAM-

based FETs, namely SAMFETs) were initially reported 
[147][148][149]

. 

 Only recently, a quinquethiophene functionalized monochlorosilane, with a 

π-conjugated mesogenic core and a long aliphatic chain as the spacer, was found to 

form well-ordered semiconducting SAMs on SiO2 or polymer surfaces. The 

SAMFETs fabricated thereof were proven highly effective to produce reliable 

integrated circuits with large-area uniformity 
[150][151][152]

.  

A self-assembling molecule effective in producing SAMFETs should 

comprise different functional groups in its molecular structure 
[150]

, as shown in 

Figure 1.5a. Under proper fabrication conditions the SAMFET operates in the way 

that charge percolation is taking place along the densely-packed and, ideally, fully 

covered SAM molecules from source to drain electrodes, as depicted in Figure 1.5b. 

 

 
 

Figure 1.5 Schematic illustrations (in 3D view), for (a) the molecular structure of a 

semiconducting self-assembling molecule having different functional parts, and (b) a typical 

SAMFET (n-type) in operation (image courtesy Andreas Ringk, University of Bayreuth). 

 

 Various thin-film characterization techniques have been applied to study the 

formation and packing properties of SAMs. Among others, surface-sensitive 

diffraction-based techniques such as Grazing Incidence X-ray Diffraction (GIXD) 
[153][154]

, has been proven a powerful method to obtain the 2D (in-plane order) 

structure of SAMs on different types of surfaces 
[150][151][152]

. These studies have 

clearly demonstrated that a densely-packed and long range (in-plane) ordered 

monolayer is the prerequisite for realizing semiconducting SAMs in transistor 
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devices with good reproducibility 
[150][151]

. The mobility of p-type SAMFETs reported 

so far was on the order of 10
-2

 cm
2
/Vs, most likely limited by the intrinsic low mobility 

of the semiconducting cores (e.g. α-substituted quinquethiophene in Refs 
[150][151][152]

) 

of the SAM molecules studied 
[138]

. However, it is not trivial to introduce high-mobility 

semiconducting units (e.g. with strong π-π stacking motifs) into the SAM molecule 

without compromising the capability of these molecules to self-assemble 
[155][156]

, or 

bringing about stability issues throughout the complex synthetic routes. Moreover, to 

date a highly reproducible n-type SAMFET is still missing 
[155][156]

, and this hampers 

the further advancement of SAMFETs into a complementary logic. 

 

1.3.2 Light-emitting & ferroelectric transistors 

 Apart from acting as a conventional electronic switch, when a specific 

semiconductor or dielectric layer is chosen, additional functionality can be 

implemented to an OFET, such as light emission or memory effects. 

 Recent realization of ambipolar charge-transport in OFETs 
[157] has enabled 

the fabrication of organic light-emitting field-effect transistors (LEFETs) [158][159][160]
. 

The operation mechanism for the light generation in a LEFET is depicted in Figure 

1.6: when the injected holes and electrons recombine in the channel and the thus-

formed excitons decay radiatively, a light emission will be generated, with the color 

depending on the band gap of the semiconductor.  
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Figure 1.6 Schematic illustration (cross-section view) for an ambipolar light-emitting field-

effect transistor, in a top-gate/bottom-contact configuration. This device configuration is used 

in Chapter 8. 

 

 Apart from the possible use in an organic lasing device 
[161]

, LEFET may 

also offer significant advantages over conventional OLED as a light source. The light 

output of LEFETs is yet too low for many practical applications. This is because a 

large number of material properties need to be carefully matched. Electron and hole 

mobilities are amongst the most important parameters. For optimal light output the 

recombination zone should not be close to the contacts to avoid exciton quenching 

by the metal. The position of the recombination zone is dependent on the relation 

between electron and hole currents. The electron or hole current (ratio) strongly 

depends on the applied biases. In previous realizations of ambipolar polymer 

LEFETs with single component semiconductors, the position of the recombination 

zone in the channel could be controlled with the applied voltage 
[159]

, but due to 
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device variability it is still very challenging to fabricate LEFETs with the 

recombination zone at a controlled and fixed position. A ‘pinned’ recombination zone 

will open the way to integrate specific optical out-coupling structures in the channels 

of these LEFETs to further increase the brightness, together with the possibility of 

increased current densities, this may help to reach population inversion which is a 

prerequisite for an electrically driven organic laser. 

 Over the past few years, a number of optoelectronic devices have been 

explored in which OSCs were combined with ferroelectric materials 
[162]

, including 

OFETs 
[163]

, OLEDs 
[164]

, and solar cells 
[165][166][167]

. The use of the ferroelectric 

polarization field in these devices has allowed for an extremely large modulation of 

the charge-carrier density and electronic properties of the OSCs 
[163][168]

.  
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Figure 1.7 Schematic comparison (cross-section view) between (a) a non-ferroelectric top-

gate field-effect transistor operating in a unipolar (p-channel) mode; and (b) a ferroelectric 

field-effect transistor, with a ferroelectric layer as the top-gate dielectric, red arrows indicate 

the direction of the applied external electric field which aligns the dipoles within the 

ferroelectric layer. The ferroelectric transistor in (b) is programmed in such a way that the 

remnant polarization of the ferroelectric layer induces a much higher charge-carrier (hole) 

density in the transistor channel, compared with the non-ferroelectric case in (a). 

 

 Among these emerging ferroelectric optoelectronic devices, ferroelectric 

OFETs (Fe-OFETs) have recently received extensive attention as non-volatile 

programmable memory devices in organic electronics 
[163][169]

. In such a Fe-OFET, 

the conventional (non-ferroelectric) dielectric is replaced by a ferroelectric material 

(as compared in Figure 1.7). Ferroelectric materials have permanent dipoles which 

can be aligned by applying an external electric field. If counter-charges are present 

in the channel, these dipoles remain oriented when the applied electric field is 

removed. Due to these reversible dipoles, transfer characteristics of Fe-OFETs 

exhibit a hysteresis, i.e. the forward and backward sweeps show two different on-set 

voltages. Therefore Fe-OFETs can be used as binary memory devices, with a non-

destructive read-out 
[170]

. 

 

1.4 Scope and outline of the thesis 

 Nowadays, many state-of-the-art organic semiconductors, both of small 

molecules and polymers, already exhibit transistor mobility values above unity (≥ 1 

cm
2
/Vs), on par with or even higher than the traditional amorphous-silicon based 
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devices 
[122]

. In this respect the work presented in this thesis is not aiming to produce 

record-mobility transistors. Instead, we aimed to achieve highly reproducible organic 

transistors, with device parameters relevant to practical applications (e.g. relatively 

low operating-voltages and steep sub-threshold slopes, uniform performance in 

large areas), through controlling the morphology and molecular order of small-

molecule organic semiconductors. We restricted ourselves on fabrication 

technologies based on solution-process compatible with high-throughput production 

(e.g. simpler method with reduced processing steps and at high device yield). 

Meanwhile we studied the microstructure evolution of these materials deposited 

using different methods, and its impact on the charge-transport properties in 

transistors.  

 To control the morphology and molecular order of organic semiconductors, 

this thesis is taking the following two approaches: via developing and optimizing 

solution-based deposition methods, and/or by an educated molecular design. The 

following research questions will be addressed during the course of this thesis: 

 

(1): Can we produce organic single-crystal transistors by a single-step solution 

process?  

(2): Would the blending of a small-molecule organic semiconductor with an 

insulating polymer result in an improvement in device performance for ink-jet printed 

organic transistors? And what is the role of the blended polymer on the device 

operation? 

(3): What is the role of the grain boundaries in the lateral-field dependence of 

charge-carrier mobility in polycrystalline organic transistors? 

(4): Would the effect of alkyl substitutions at the end-positions of the pentacene 

backbone of TIPS-PEN be positive, in terms of transistor performance? 

(5): Would the device performance and reproducibility of an acene derivative (TES 

ADT) be improved, solely by a careful selection of the casting temperature?  

(6): Is long range in-plane order still the prerequisite for a semiconducting self-

assembled monolayer for use in field-effect transistor? And can we produce a self-

assembled complementary circuit, based on the highly selective nature of p- or n-

type self-assembling molecules with different anchoring groups covalently bonded to 

the respective dielectric surfaces? 

(7): Is it possible to enhance the light output and device efficiency of a light-emitting 

organic transistor by using a ferroelectric polymer as the gate dielectric? And would 

there be any additional functionality in such a ferroelectric light-emitting transistor?  

 

 We start from Chapter 2 by controlling (solely) the solvent parameters 

during deposition. By using the concept of azeotropism for the first time, a single-

step solution process is introduced to prepare large single crystals of TIPS-PEN 

from a binary solvent mixture. Then we characterize these single crystals in terms of 

transistor performance and present a direct correlation between crystal morphology 

and device mobility. 
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  In Chapter 3 we present a systematic study of the influence of material 

composition and ink-jet processing conditions on the charge transport in OFETs 

based on single droplets of TIPS-PEN/polystyrene blends. After careful process 

optimization of blending ratio and printing temperature, we routinely make blend 

transistors superior to the neat TIPS-PEN devices. Using channel scaling 

measurements and scanning Kelvin probe microscopy, we try to understand the 

charge transport and device operation of our blend transistors, systematically 

compared with the neat TIPS-PEN devices. 

 While it is known that the charge-carrier mobility in organic semiconductors 

is only weakly dependent on the electric field at low fields, in Chapter 4 of this thesis, 

our experimental charge-carrier mobility in OFETs using TIPS-PEN is found to be 

surprisingly field-dependent at low source-drain fields. Corroborated by scanning 

Kelvin probe measurements, we explain this experimental observation by the severe 

difference between the local lateral-field dependences within grains and at grain 

boundaries. The role of grain boundaries will be explained and highlighted. 

 Chapter 5 presents a new TIPS-PEN derivative, namely BTE-TIPS-PEN, 

with ethyl substituents at the 2,3,9,10 backbone positions to modulate the solubility 

and film-forming properties. We will demonstrate that, an improved molecular design 

can indeed result in a controlled macro- and micro-structure of OSC thin films that 

positively influences their device performance.  

 Next, we will show in Chapter 6, that a careful selection of the casting 

temperature alone can allow a rapid production of OFETs with uniform and 

reproducible device performance over large areas. We will present four distinctive 

solid-state phases of TES ADT exhibiting drastically different charge-transport 

properties, deduced from OFET device characteristics corroborated by Lateral Time-

of-Flight (L-ToF) photoconductivity measurements. The best-performing crystal 

polymorph of TES ADT is identified. 

 In Chapter 7 we present the first highly-reproducible n-type SAMFET, based 

on a perylene derivative (namely PBI-PA) with a phosphonic acid anchoring group 

which enables an efficient fixation to aluminum oxide. We will show that, despite the 

lack of long range in-plane order in the monolayer, our PBI-PA SAMFETs still exhibit 

decent electron mobilities. By implementing p- and n-type SAMFETs in one circuit, a 

complementary inverter based solely on SAMFETs is demonstrated for the first time.  

 In the last Chapter, we will introduce an unconventional use of the molecular 

(polymer chain/dipole) alignment, in the dielectric layer of organic field-effect 

transistors. Chapter 8 presents a voltage-programmable light-emitting field-effect 

transistor (LEFET) using a ferroelectric polymer as the gate dielectric. The role of 

ferroelectric poling (dipole alignment) on the device operation and functionality will 

be highlighted. 
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CHAPTER II 
 

2. Azeotropic binary solvent mixtures 

for preparation of organic single-

crystal transistors 
 

Here we introduce a new approach to prepare large single crystals of π-conjugated 

organic molecules from solution. Utilizing the concept of azeotropism, single crystals 

of tri-isopropylsilylethynyl pentacene (TIPS-PEN) with dimensions up to millimeters 

are facilely self-assembled from homogeneous solutions comprising two solvents 

with opposing polarities and a positive azeotropic point. At solvent compositions 

close to the azeotropic point, an abrupt transition of morphology from polycrystalline 

thin-films to large single crystals is found. We explain how to adjust the initial ratio of 

the binary solvents so that the change in solvent composition during evaporation 

promotes an efficient self-assembly of TIPS-PEN. The charge carrier (hole) 

mobilities are substantially enhanced by a factor of 4 from the morphology of thin-

films to large single crystals used as active layer in field-effect transistors. 

Additionally, we extend this approach to other π-conjugated molecules to elucidate 

its broad applicability. 
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2.1 Introduction 

 The last two decades have witnessed great research interests in the 

optoelectronic properties of organic semiconductors (OSC), and tremendous 

progress on their applications to devices such as organic field-effect transistors 

(OFETs) 
[1][2][3][4]

. Serious efforts are now undertaken to commercialize devices 

based on OFETs into products, e.g. active matrix display backplanes 
[5] 

and radio 

frequency identification (RFID) tags 
[6]

.
 
Typical deposition methods 

[7][8][9][10][11]
 for 

OSC lead to the formation of polycrystalline thin-film domains. The presence of 

disorder and/or poor grain connectivity 
[12]

 can adversely affect charge transport in 

OFETs. More recently, to better understand the charge transport mechanisms in 

OFETs and reveal the performance limits of OSC, various types of micrometer or 

nanometer organic single crystals based on π-conjugated aromatic molecules were 

extensively studied 
[13][14][15]

. Single crystals can be grown by sublimation through the 

physical vapor transport, and many groups have explored this route 
[13][14][15][16][17][18][19][20]

.
 

Relatively few reports have appeared where solution 

processing methods are used to form organic single-crystal transistors 
[4][13]

. One 

encouraging method is the so-called solvent-exchange 
[21][22][23][24]

. In this method, a 

small volume of a solution containing the OSC molecules in a ‘good’ solvent is 

dispensed into a large excess of a ‘bad’ solvent. As a result of weakened/minimized 

interaction between the OSC solute and the ‘bad’ solvent, single crystals are formed 
[22]

. Although high-mobility transistors have been made with this method, it suffers 

from the following drawbacks: It is a slow process. Solution-growth of single crystals 

using such solvent-exchange method typically can take hours to days in a closed 

container, depending on how slow the ‘bad’ solvent needs to be driven off 
[21][23]

. 

Furthermore, after the injection of a minimum volume of the ‘good’ solvent, the 

mixture contains mainly the ‘bad’ solvent (> 98 vol %). The low concentration of the 

solute in that solution (typically less than 0.2 mM 
[21][22][23]

) inevitably leads to 

unsatisfied dimensions of the final crystals and limited coverage of crystals on the 

transistor substrates 
[21][23]

. This restricts its practical applications in terms of 

efficiency and material usage. 

 In this study we describe a new method to grow single crystals of π-

conjugated molecules from solution-phase, and its use in OFETs device fabrication. 

In physical chemistry, the deviation from Raoult's law for non-ideal solvent 

combinations gives rise to azeotropism 
[25]

. Its related phenomena of constant-

boiling mixtures has been long-studied in vapor-liquid equilibrium separation 

processes such as distillation 
[26][27]

. Here, we adopt the concept of azeotropism to 

manipulate the morphology of deposited crystals, in an attempt to take advantage of 

the unique thermodynamics of azeotrope mixtures during evaporation. 

 Tri-isopropylsilylethynyl pentacene (TIPS-PEN) and its derivatives are 

among the most intensively studied soluble OSC because they combine high field-

effect mobilities with good air stability 
[28][29]

. Instead of transferring molecules from 

one solvent to another as in previous studies, we use stable binary solvent mixtures 

containing two solvents with opposing polarities. The two solvents are miscible and 

form a homogenous azeotrope mixture with a positive (low-boiling) azeotropic point. 
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For such a system, the relative evaporation rate of the two solvents depends on the 

initial volume ratio. This allows us to control the late-stage composition of the 

solution during evaporation, and to study the effect thereof on the final morphology 

of TIPS-PEN. By studying different solvent compositions, we found a sharp 

transition in morphology, from polycrystalline-films to single crystals, at the 

azeotropic point. We also found that the morphology correlates well with transistor 

performance. Single-crystal OFETs typically had a factor of 4 higher mobilities, with 

maximum values as high as 0.73 cm
2
/Vs in a bottom-contact device geometry. 

Moreover, the proposed method to manipulate crystal morphology can be extended 

to other π-conjugated organic molecules.  

 

2.2 Experimental 

 Tri-isopropylsilylethynyl pentacene (TIPS-PEN) 
[28][30]

 and fluorinated 5,11-

bis(triethylsilylethynyl) anthradithiophene (diF-TES ADT) 
[31]

 were synthesized 

according to the procedures reported earlier. 2-phenylnaphthalene was purchased 

from ABCR GmbH & Co. KG (Germany). All solvents were used as received without 

further treatments. Toluene (analysis grade) was purchased from Merck. 

Isopropanol (laboratory reagent grade) and ethanol (absolute) were purchased from 

Fisher Scientific and BASF, respectively. All experiments were conducted at room 

temperature. TIPS-PEN solutions with different solvent ratios were prepared prior to 

drop-casting. Drop-casting was carried out in an ambient cleanroom environment or 

under N2 atmosphere.  

 Gas chromatography-mass spectrometry was done using an Agilent 

6890GC with a 5973MSD. Measurements were performed by applying 10 droplets 

of the mixture onto a silicon wafer; a small volume was taken from the remainder 

liquid mixture in the sequence of evaporation times and immediately injected into the 

GC-MS setup. UV/Vis absorption spectra were recorded on a Shimadzu UV-3102PC 

UV-VIS-NIR scanning spectrophotometer. Optical micrographs were taken by using 

a Leica DM2500 M Microscope with cross-polarizers. SEM images were obtained on 

an FEI Quanta 3D FEG field-emission scanning electron microscope. XRD 

measurements were performed in the specular reflection mode (θ/2θ) at 40 kV and 

30 mA with a Cu Kα1 radiation using a Rigaku X-ray diffractometer. Selected-area 

electron diffraction (SAED) image was collected on an FEI Technai 20 transmission 

electron microscope, operated at 200 kV.  

 Bottom-contact/bottom-gate transistors were fabricated on Si (n++)/SiO2 

substrates with photolithographically patterned Au as source and drain electrodes. A 

pentafluorobenzenethiol monolayer was deposited on Au electrodes to lower the 

contact resistance 
[29][32]

. The SiO2 was treated with trichlorophenylsilane 
[33]

 to 

improve the dielectric interface 
[34]

. An HP Agilent 4155C semiconductor parameter 

analyzer was used to measure the electrical characteristics of OFETs (current-

voltage scans) under N2 atmosphere in a glove-box. 
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2.3 Azeotropic mixture of isopropanol/toluene binary solvents 

 For this study we used a binary solvent system which comprises a polar 

(hydrophilic) solvent and an apolar (hydrophobic) one, e. g. mixtures of isopropanol 

(IPA) plus toluene (Tol) with different IPA/Tol ratios (v/v). When these binary solvent 

mixtures evaporated on silicon wafers in ambient condition, the temporal change in 

solvent composition was studied using gas chromatography-mass spectrometry 

(GC-MS), respectively. From the results shown in Figure 2.1, it is clear that the 

relative evaporation rates of IPA and toluene depend on the initial solvent 

compositions. For binary mixtures having an IPA content < 50 vol %, IPA evaporates 

faster so that the mixture ends up with only toluene (Figure 2.1b, left). If the initial 

IPA content is however above 50 vol %, IPA evaporates slower than toluene, and 

now the solvent mixture becomes more IPA rich with time (Figure 2.1b, right). At a 

ratio ~ 50/50 (v/v), the evaporation rate for IPA and toluene is approximately the 

same, the vapor composition equals the composition of the liquid mixture remaining 

on the substrate, and the liquid composition maintains unaltered throughout drying 

(Figure 2.1b, middle). The measured composition change during evaporation is in 

good agreement with a previous report in which the refractive index of solvent 

mixtures was used to determine that IPA and toluene form a positive (low-boiling) 

azeotropic mixture at an IPA/Tol composition of 50.1/49.9 (v/v) at room temperature 
[25][26]

. 

 

 
 

Figure 2.1 Azeotropic evaporation behaviour of IPA/Tol binary solvent mixtures. (a) 

Schematic illustration for drying of the binary solvents upon drop-casting. (b) Change in 

solvent compositions during evaporation for three different IPA/Tol mixtures. Initial IPA/Tol 

volume ratios are indicated in the graph titles, from left to the right: 20/80; 51/49; and 80/20. 

Blue circles represent the volume fraction of IPA; red squares denote that of toluene. 
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2.4 Morphology transition at azeotropic point & single-crystal 

formation 

 Based upon the azeotropic drying behavior of IPA/Tol mixtures, we make 

use of the late-stage composition of the binary solvents to manipulate the 

morphology of TIPS-PEN crystals. TIPS-PEN was dissolved in binary solvents of 

IPA/Tol with different IPA/Tol ratios (v/v). A few drops of each solution were placed 

on a silicon wafer in ambient atmosphere. Drying was completed in a few minutes. 

The resulting morphology was studied using cross-polarized optical microscopy 

(Figure 2.2a). Dissolved in pure toluene, TIPS-PEN precipitated in the form of a 

polycrystalline-film with small needles (Figure 2.2a, 0/100). This morphology has, in 

fact, been reported by others 
[35][36][37]

. With increasing IPA content, the film remained 

polycrystalline, but the polycrystallites became larger (Figure 2.2a, 45/55). For 

IPA/Tol ratios greater than 50/50 (v/v), we observed discrete single crystals rather 

than films. This is illustrated by the micrograph of the 55/45 mixture in Figure 2.2a. 

The shape and size of the single crystals became more uniform, when the IPA 

content was increased up to 80 vol % (Figure 2.2a, 80/20). We can now relate the 

abrupt change in crystal morphology to the final-state composition of the solvent 

mixture. As shown in Figure 2.2a, this transition occurs at the azeotropic point 

(50.1/49.9) between the 45/55 and 55/45 ratios of IPA/Tol (v/v). Replacing IPA with 

a less polar solvent, e.g. ethanol (EtOH), which also forms a low-boiling azeotropic 

mixture when mixed with toluene at the composition of 59.8/40.2 (EtOH/Tol, v/v) at 

an ambient temperature of 25 °C 
[26]

,
 
the morphologies of TIPS-PEN drop-cast from 

EtOH/Tol mixtures showed the same transition at the azeotropic point from 

polycrystalline multidomains (58/42) to single crystals (62/38), as depicted in Figure 

2.2b. 

 

 

 
 

Figure 2.2 (a) Representative cross-polarized optical micrographs showing an abrupt change 

of crystal morphology from polycrystalline domains (45/55) to large single crystals (55/45) with 

gradually increased volume ratios (v/v) of IPA in the binary solvent mixtures of IPA/Tol. In this 
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range the azeotropic point of IPA/Tol is present at 50.1/49.9 (v/v). The volume fractions of 

IPA/Tol mixtures used for drop-casting are indicated at the right-bottom corner of each image 

(IPA/Tol, v/v). Scale bars represent 200 µm. (b) Cross-polarized optical micrographs showing 

the morphology transition of TIPS-PEN crystals drop-cast on silicon wafers using EtOH/Tol 

mixtures with the volume fractions as indicated (EtOH/Tol, v/v). The azeotropic point of 

EtOH/Tol is at 59.8/40.2 (v/v). Scale bars represent 200 µm. 

 

 To further elucidate the underlying principles for the formation of single 

crystals, firstly, we measured the UV-Vis absorption spectra of TIPS-PEN dissolved 

in IPA/Tol mixtures with different ratios (at a constant TIPS-PEN concentration). As 

shown in Figure 2.3, a blue-shift in absorption bands was observed with a gradual 

increase in IPA ratio. No spectral broadening was found. We also note that the 

spectra did not change with time, nor did we observe any precipitation of TIPS-PEN. 

 

 
 

Figure 2.3 UV/Vis absorbance spectra of TIPS-PEN dissolved with different IPA/Tol solvent 

mixtures (and a constant concentration of 0.04 mg/ml). Dotted blue arrows illustrate the blue-

shifts with increased IPA/Tol ratios. The inset shows the chemical structure of a TIPS-PEN 

molecule. 

 

 For molecules without a net dipole moment in the ground and excited state 

(e.g. TIPS-PEN, which has a 2D symmetrical molecular configuration as shown in 

the inset of Figure 2.3), the solvent dependence of the UV-Vis absorption spectra is 

dominated by dispersion interactions between the dissolved molecule and the 

surrounding solvent molecules 
[38]

. The blue-shift presented in Figure 2.3 is mostly 

likely a result of the progressive change of refractive indexes of the solvent mixtures 

when varying their relative ratios (IPA/Tol from 0/100 to 100/0), leading to 

progressively changed dispersion interactions and consequently the slightly-shifted 

energies of absorption maxima 
[38]

. Since similar solvatochromic behavior was 

already well-studied in perylene derivatives 
[38]

 and other π-conjugated dye 

molecules 
[39]

, a more quantitative analysis here is considered to be beyond the 

scope of this thesis.  
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Figure 2.4 Time-resolved in-situ observations for the ‘Ostwald ripening’ crystal growth of 

TIPS-PEN during the evaporation of binary solvent mixture (IPA/Tol: 80/20, v/v), on a silicon 

wafer under cross-polarized microscope. All images were taken following the same spot on 

the liquid mixture and in the sequence of evaporation times upon drop-casting. The inset 

noted in the left-bottom corner of each image indicates the evaporation time. Scale bars 

represent 200 µm. 

 

 Furthermore, we studied the growth procedure of single crystals by using 

cross-polarized optical microscope. A binary solvent mixture of 2 mg TIPS-PEN per 

ml IPA/Tol (80/20, v/v) was drop-cast on a silicon wafer and observed in-situ during 

solvent evaporation (Figure 2.4a-f). After ~ 1 minute of evaporation, small 

crystallites appeared in the solution (Figure 2.4a). With time the crystals grew in 

size while floating (Figure 2.4b-d). After ~ 4 minutes the self-assembly of TIPS-PEN 

was almost complete (Figure 2.4e), and no important changes were observed until 

the solvents were completely evaporated at ~ 7 minutes (Figure 2.4f). Note that the 

initial crystallites (Figure 2.4a) emerged from the bulk of the solution rather than 

grafted from the surface of the substrate, thus no specific interaction with the 

substrate is involved during the growth of these single crystals. Interestingly, in the 

time-span from 3.5 to 4 minutes during crystal growth (from Figure 2.4d to e), we 

observed a reduction in number of crystals as a result of ‘Ostwald ripening’: it is 

thermodynamically more favorable to grow large crystals at the expense of small 

ones, due to the energetically more favorable volume to surface area ratio of bigger 

crystals 
[40][41][42][43][44]

. 

 We can now rationalize the abrupt change in crystal morphology based on: 

i) the azeotropic behavior of the solvent mixtures during evaporation; ii) the 

observation that the single crystals are formed in the bulk of the solution; and iii) the 

‘Ostwald ripening’ observed during single-crystal growth. Upon drop-casting TIPS-

PEN in a binary solvent mixture at compositions of the polar component (alcohol) 

higher than that of the azeotropic point (e.g. IPA/Tol > 50.1/49.9, v/v), the gradual 

increase of the alcohol (hydroxyl group) ratio weakens the solute-solvent 
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interactions, and favors an effective self-assembly of TIPS-PEN molecules from the 

bulk of the solution. We believe that a gradual elevation of the polar environment in 

solution induced by the hydroxyl group of IPA tends to facilitate the intermolecular 

overlapping of π-orbitals between the intrinsically apolar pentacene backbones of 

TIPS-PEN. Therefore, the tendency for TIPS-PEN to nucleate is substantially 

enhanced during drying by the increase of IPA ratio in the solvent mixture, i.e. the 

presence of the hydroxyl groups in IPA plays an important role in promoting such an 

efficient nucleation. As a result, single crystals grow and finally are deposited on the 

substrate (Figure 2.2a: 55/45 and 80/20; Figure 2.2b: 62/38 and 70/30). If, on the 

other hand, a mixture is drop-cast with a starting composition of alcohol below that 

of the azeotropic point, the solvent composition is getting richer in toluene while 

drying, and finally only toluene is left in the solvent so that TIPS-PEN solidifies at the 

contact line on the substrate in the form of thin-films or polycrystalline multidomains 

(Figure 2.2a: 0/100 and 45/55; Figure 2.2b: 50/50 and 58/42). 

 

2.5 Characterizations of TIPS-PEN single crystals 

 As shown in Figure 2.5a, most of TIPS-PEN single crystals grown with our 

method resemble parallelepipeds; a few appear like platelets. A side-view SEM 

image (Figure 2.5b) shows their well-defined crystal facets. The highly crystalline 

nature of the TIPS-PEN crystals was confirmed by X-ray and electron diffraction 

measurements. The specular (θ/2θ mode) out-of-plane X-ray diffraction (XRD) 

pattern is presented in Figure 2.5c. The peak at 5.3° (2θ) is attributed to the (001) 

reflection for the TIPS-PEN single crystal structure, as previously reported 
[28][35]

, and 

corresponds to a lattice plane distance of 16.6 Å. This indicates that the TIPS-PEN 

molecules are oriented with the pentacene backbone parallel with the substrate 

surface. The other diffraction peaks in Figure 2.5c can all be attributed to higher 

order reflections of the same lattice plane distance. This crystal texture was further 

confirmed by the selected-area electron diffraction (SAED) pattern 
[23]

 (inset of 

Figure 2.5c), in line with previously reported electron diffraction pattern of single-

crystalline TIPS-PEN 
[21][23][35][45]

. 
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Figure 2.5 (a) Cross-polarized optical micrograph showing the uniform-sized TIPS-PEN singe 

crystals on a silicon wafer. Scale bar represents 400 µm. (b) A side-view SEM image showing 

the edges of a TIPS-PEN single crystal. Scale bar represents 2 µm. (c) Specular X-ray 

diffraction patterns (θ/2θ mode) for the TIPS-PEN crystals dispersed on a silicon substrate. 

The peaks are attributed to the (00l) lattice plane in the crystals. The inset shows a 

representative SAED pattern of our single-crystal TIPS-PEN. 

 

 The single crystals prepared using our approach have sizes as large as 2 × 

0.7 mm
2
. Their thickness is typically 0.5-2 µm. We found that the dimensions of the 

crystals increase with both the volume and concentration of the drop-cast solution, 

or in other words, the total amount of TIPS-PEN molecules. The typical 

concentration used was 2-4 mg/ml. Because this is much higher than the 

concentration typically used in solvent-exchange method 
[21][22][23]

, we obtained both 

larger crystals as well as higher surface coverage. Moreover, comparable with the 

tetracene single crystals prepared by physical vapor transport 
[46]

, our relatively thin 

single crystals (with thickness below 1 µm) also displayed a potential mechanical 

flexibility: some long ribbon-like crystals (with thickness ~ 500-600 nm) did not 

fracture even when they were bent at an angle of almost 180°. 

 

2.6 Single-crystal transistors & correlation of morphology with 

mobility 

 TIPS-PEN solutions with 4 different ratios of IPA/Tol (0/100, 45/55, 55/45, 

and 80/20: v/v) were used to fabricate bottom-contact transistors. No apparent trend 

in transistor performance with solvent composition was found between the 0/100 

and 45/55 mixtures, nor between the 55/45 and 80/20 mixtures. The mobility data in 

Figure 2.6a is therefore classified as either thin-film (for solvent compositions of 

0/100 and 45/55) or single-crystal (55/45 and 80/20) transistors, depending on 
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whether the initial solvent ratio is below or above the azeotropic point of IPA/Tol. In 

total 43 single-crystal OFETs in three different batches were measured. Only 

transistors with channel coverage of more than 30 % were considered. Figure 2.6b 

depicts the transfer characteristics in both linear and saturation regime for a group of 

11 single-crystal transistors, with no hysteresis observed during I-V dual scans. 

 

 

 
 

Figure 2.6 (a) Histograms of saturation mobilities of thin-film transistors (16 devices) and 

single-crystal transistors (43 devices), with the inset showing the average mobilities and 

standard deviations (indicated by the bars) for the corresponding thin-film and single-crystal 

devices, respectively. (b) Transfer characteristics (linear and saturation regime) of 11 single-

crystal OFETs (with different W/L ratios) fabricated by using binary solvent mixture of IPA/Tol 

(80/20, v/v) under the ambient cleanroom condition. (c) A representative cross-section SEM 

image showing an intimate contact between a TIPS-PEN single crystal and a SiO2 dielectric 

layer. The scale bar represents 1 µm. 

 

 The mobilities (μsat) of transistors in the saturation regime were calculated 

from the equation as follows 
[47]

: 
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where Ci is the capacitance per unit area of the gate dielectric layer, L and W are the 

effective channel length and width, respectively, as estimated from the optical 

micrographs. The mobilities for 43 single-crystal transistors ranged from 0.03 to 0.73 

cm
2
/Vs (Figure 2.6a, left). Their average value was 0.18 cm

2
/Vs, and the standard 

deviation was 0.126 cm
2
/Vs (Figure 2.6a, inset). An average on/off ratio larger than 

10
6
 was obtained and most of these devices showed a threshold voltage (Vth) value 

close to zero. The near-zero threshold voltage is exceptionally low compared with 

other organic single-crystal transistors 
[13]

, and suggests a clean and good contact 

between the TIPS-PEN single crystals and the dielectric 
[21]

, in line with the cross-

section SEM image in Figure 2.6c. Such a good quality of semiconductor/dielectric 

interfaces in our bottom-contact single-crystal transistors is most likely attributed to 

at least three factors: i) the flat surfaces of these highly crystalline TIPS-PEN 

crystals with well-defined crystal facets; ii) the unique thermodynamics of azeotrope 

mixtures during the last minute of solvent drying; and iii) a good mechanical flexibility 

of the ribbon-like crystals. During the fabrication of our single-crystal transistors, it is 

the low boiling point solvent IPA (b.p. = 82.3 °C) that remains on the transistor 

substrates at the final stage of solvent evaporation. Therefore, we believe the 

capillary force driven by a very fast drying (outgoing) flow of the residual IPA 

beneath TIPS-PEN crystals tends to facilitate the formation of an intimate contact 

between the deposited single crystals and the transistor channels, assisted by the 

mechanical flexibility of the ribbon-like crystals 
[46]

.
 

Moreover, single-crystal 

transistors fabricated under N2 and ambient air exhibited very close average mobility 

values (0.17 and 0.19 cm
2
/Vs, respectively), illustrating the earlier reported air-

stability of TIPS-PEN 
[37]

. 

 Figure 2.7 represents data of a typical single-crystal transistor. Figure 2.7a 

is a cross-polarized optical micrograph. The zoomed-in image on the right depicts 

the transistor channel with an effective width (W) of 150 µm and length (L) of 10 µm. 

The field-effect performance of this device is plotted in Figure 2.7b and c as its 

output and transfer characteristics, respectively. No effect of contact resistance was 

observed from the output characteristics, which implies a good electrical contact 

between the crystals and bottom Au electrodes. The mobility (μ) of this particular 

OFET in the saturation regime was calculated to be 0.39 cm
2
 V

-1 
s

-1
, and a near-zero 

threshold voltage (Vth) of -0.15 V for this device was extracted by extrapolating the 

square root (SQRT) of |IDS,sat| vs. VG plot to IDS,sat = 0, as depicted in the curve with 

red color in Figure 2.7c. 
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Figure 2.7 (a) Left: Cross-polarized optical micrograph of typical single-crystal OFETs; Right: 

A magnified image showing a transistor channel with channel length of 10 µm and width of 

150 µm, respectively. (b) Output characteristics and (c) transfer characteristics (VDS = -10 V) 

of the device shown in (a). Curves of IDS with different colors in (b) correspond to different 

gate-bias (VG): black = 0 V, red = -2.5 V, blue = -5 V, green = -7.5 V and purple = -10 V, 

respectively. 

 

 The morphology of OSC is one of the dominating factors for its electronic 

performance 
[2][9][12][35]

. We also found a clear correlation between the morphology 

category (thin-films or single-crystals) and the field-effect mobility of the transistors. 

The mobility of the single-crystal transistors was a factor of ~ 4 higher, which is close 

to a previously reported value of ~ 4.4 
[21]

. Other transistor parameters such as 

threshold voltage were independent of the morphology. For both groups of devices 

(thin-films and single-crystals), the range in mobility was rather broad (Figure 2.6a, 

inset, approximately ± 60 % and ± 70 %, respectively). We note that this relatively 

large spread is in fact expected, since the crystal orientation with respect to the 

transistor channel direction is not controlled and the charge transport in this material 

is dependent on the crystallographic direction 
[48]

. However, the spread can not only 

be attributed to the intrinsic anisotropy of charge-transport in single crystals. Also 

variations of the crystal quality and/or the contact of the crystals with Au bottom 

electrodes can be of importance, as suggested elsewhere 
[49]

. 

 

2.7 Applicability to other π-conjugated molecules 

 In light of the single crystal formation of TIPS-PEN, we chose two other π-

conjugated molecules and studied their crystal formation by using azeotropic binary 

solvent mixtures. A soluble acene-based OSC, fluorinated 5,11-
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bis(triethylsilylethynyl) anthradithiophene (diF-TES ADT) 
[8][50]

, and a widely-used 

derivative of naphthalene, 2-phenylnaphthalene 
[51]

, were drop-cast from either a 

single good solvent (toluene) or a binary solvent of IPA/Tol with an initial 

composition above the azeotropic point. We also found a morphology transition from 

polycrystalline thin-film domains to individual big crystals (Figure 2.8). The change 

in morphology of these two molecules at the azeotropic point of IPA/Tol mixtures is 

in line with that of TIPS-PEN. 

 

 

 
 

Figure 2.8 Cross-polarized optical micrographs showing the morphology transition of diF-TES 

ADT and 2-phenylnaphthalene, respectively, by drop-casting from a single good solvent 

(toluene) or a binary solvent of IPA/Tol with an initial composition above their azeotropic point. 

The volume fractions of IPA/Tol mixtures used are indicated at the right-bottom corner of each 

optical micrograph (IPA/Tol, v/v). (a) diF-TES ADT: morphology change from small needles 

(0/100) to individual big platelets (51/49). On the right is a top-view SEM image showing a 

representative platelet, its scale bar is 50 µm. (b) 2-phenylnaphthalene: morphology 

transitions from thin-film domains (0/100) to big platelets (55/45), then to rectangle or 

hexagon-shaped crystals (73/27). Scale bars in all optical micrographs represent 100 μm. 

 

 The morphology transitions presented in Figure 2.8, together with the 

results of TIPS-PEN, suggest a broad applicability of using azeotropic binary solvent 

system to manipulate the crystal morphology for conjugated molecules with strong 

π-π intermolecular interactions (effective overlap of the π-orbitals). Functionalized 

acenes with close cofacial face-to-face arrangement of the acene backbones are 

among this group of molecules. In general, these aromatic molecules have a 

sufficient solubility in hydrophobic (apolar) solvents and a very poor solubility in 

hydrophilic (polar) solvents. Such considerable difference in solubility allows us to 

obtain the desirable crystal morphology through controlling the late-stage solvent 

composition of azeotrope mixtures via adjusting their initial ratio. TIPS-PEN is an 

excellent study module for our proposed method, thanks to its conformational 
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flexibility of the triisopropylsilyl side group which gives it sufficient solubility in apolar 

solvents, and an increased density of its bulky groups which enables the tight 

packing of the pentacene backbones to maximize their π-π interactions 
[21]

. 

 

2.8 Conclusions 

 In conclusion, this study describes a new approach to form single crystals of 

π-π stacked organic molecules by using azeotropic binary solvent mixtures. Large 

crystals (length and width of up to 2 millimeters and 700 µm, respectively) of tri-

isopropylsilylethynyl pentacene with predominately parallelepiped shape are facilely 

self-assembled in a well-controlled manner. Based on the concept of azeotropism 

and the different solubility of TIPS-PEN in polar or apolar solvents, the size and 

shape of the crystals can be manipulated from small needles to large 

parallelepipeds, via adjusting the initial ratio (v/v) of the two components in our 

binary solvent system with respect to their azeotropic point. We explain the 

formation mechanism of large single crystals: during the evaporation of azeotrope 

mixtures, the change in solvent composition promotes an efficient nucleation of 

TIPS-PEN, and facilitates a fast crystallization and the ‘Ostwald ripening’ thereof. 

Meanwhile, a broader applicability of our method to other π-conjugated organic 

molecules is demonstrated. When used as active layer in bottom-contact field-effect 

transistors, the TIPS-PEN single crystals exhibit an enhanced charge transport 

properties compared to transistors with polycrystalline-films. Additionally, a higher 

efficiency for the fabrication of single-crystal transistors, a better crystal coverage on 

device substrates, and an improved semiconductor/dielectric interface are obtained. 

 The promising technological applications of organic semiconductors will 

benefit from the development of efficient, inexpensive and easily controlled 

deposition methods. Direct deposition of organic single crystals from solution-phase 

offers an elegant and effective route. The new method described here provides a 

general and rational approach to the formation of large single crystals of π-

conjugated organic molecules from solution. Its broad applicability appears to be of 

interest for certain exploratory research and potential applications in materials 

science, for which simplicity, rationality, and processing efficiency are the main 

advantages. 
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CHAPTER III 
 

3. High-performance ink-jet printed 

single-droplet transistors based on a 

small molecule/insulating polymer 

blend 
 

In this chapter we will present a systematic study of the influence of material 

composition and ink-jet processing conditions on the charge transport in bottom-gate 

field-effect transistors based on blends of 6,13-bis(triisopropyl-silylethynyl) 

pentacene (TIPS-PEN) and polystyrene. After careful process optimizations of 

blending ratio and printing temperature we routinely make transistors with an 

average mobility of 1 cm
2
/Vs (maximum value 1.5 cm

2
/Vs), on/off ratio exceeding 

10
7
, sharp turn-on in current (sub-threshold slopes approaching 60 mV/decade), and 

decent uniformity over large area. These characteristics are superior to the TIPS-

PEN only transistors. Using channel scaling measurements and scanning Kelvin 

probe microscopy, the sharp turn-on in current in the blends is attributed to a contact 

resistance that originates from a thin insulating layer between the injecting contacts 

and the semiconductor channel. 
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3.1 Introduction 

 Mixing of two or more material components is a common industrial route to 

produce materials with tailor-made properties such as improved stiffness, impact 

strength, permeability, and/or electrical and optical properties. Polymer/polymer 

blends are commonly used as the active layer in organic solar cells 
[1][2]

. Goffri et al. 

made organic transistors in which the active layer was a two-component blend 

based on polythiophenes and different insulating polymers 
[3]

. This concept has also 

been applied successfully for small-molecule organic semiconductors such as 6,13-

bis(triisopropyl-silylethynyl) pentacene (TIPS-PEN), blended with insulating or other 

semiconducting polymers 
[4][5]

. Depending on the active materials, process 

conditions, and taking into account the thermodynamical driving force towards the 

most energetically favorable state and that most of the parent components in the 

blend are thermodynamically immiscible or partially-miscible, a vertical stratified 

morphology was achieved that leads to mobilities in field-effect transistors as high as 

the devices based on neat semiconductors, or even higher 
[5][6]

. In most previous 

studies, blends were either spin-cast 
[7][8][9]

 or drop-cast 
[10][11]

. High mobility (> 1 

cm
2
/Vs) transistors were reported only in the top-gate device geometry when spin-

casting a small-molecule organic semiconductor blended with a semiconducting 

polymer 
[7][12][13][14]

. These techniques require additional patterning steps after 

deposition if the transistors were to be integrated into circuits or display backplanes. 

 With drop-on-demand ink-jet printing the materials can be deposited locally, 

resulting in efficient material usage and a simpler process for device integration 
[15]

. 

The challenge is to print well-defined structures from dilute inks. By blending the 

molecular semiconductor with a polymer, the viscosity of the printing solution can be 

varied. Blending, however, is also expected to impact the electrical performance of 

the final deposited transistor. This interplay is in fact the topic of this paper. 

 Two different approaches of ink-jet printing small-molecule semiconductors 

have been used: printing multiple droplets which coagulate into a film covering a 

relatively large area on the substrate, or single-droplet printing where each droplet 

forms an individual functional deposit. The former was adopted in a recent study by 

Madec et al. 
[16]

. They ink-jet printed multiple droplets of inks containing TIPS-PEN 

and an amorphous and electrically insulating polymer, polystyrene (PS), at a 

blending ratio of 1/1 (w/w). By printing from a specific binary solvent mixture and/or 

using a multi-layer printing method, a continuous layer with improved morphology 

was achieved, and they found an increased mobility of up to 10
-2

 cm
2
/Vs (± 71 - 

80 % variance) in bottom-gate/top-contact transistors. These mobilities are however 

much lower than the values of 0.12 cm
2
/Vs reported by Lim et al. 

[17]
 for single-

droplet printing of neat TIPS-PEN from a solvent mixture, making it thus far unclear 

if blending with an insulating polymer can result in a further improvement in high-

performance ink-jet printed transistors. 

 In this chapter, we investigate single-droplet ink-jet printing of TIPS-PEN/PS 

blends, with each printed single droplet being an individual transistor 
[6][18]

. This 

eliminates the need for additional patterning steps. As in the previous work of Lim 
[17]

, 



High-performance ink-jet printed blend transistors 

 41 

we use a bottom-gate/bottom-contact device geometry. This device architecture 

offers a straightforward route for downscaling of the transistor channel length to a 

few micrometers. In contrast to Lim’s work, we did not rely on the unusual concentric 

ring arrangement of source and drain electrodes, because that configuration does 

not allow simple device integration. Here, we use conventional interdigitated comb 

structure for the source and drain electrodes. 

 To gain insight into the charge-transport properties of our devices, we study 

the differences between the transistors based on neat TIPS-PEN and TIPS-PEN/PS 

blends with respect to macroscopic device operation and local charge-transport 

properties, by using channel scaling studies and surface potential profilometry, 

respectively, and relate them to the morphology of the devices. The fundamental 

understanding of device operation obtained for our blend transistors provides 

valuable guidelines to the development of next generation transistors based on 

small-molecule semiconductor and insulating polymer blends. 

 

3.2 Experimental 

 6,13-Bis(triisopropyl-silylethynyl)pentacene (TIPS-PEN) was synthesized 

according to literature 
[19]

. Polystyrene (PS), Mw = 9.58 kDa (Mn = 9.32 kDa, PDI = 

1.03), was purchased from Fluka. 1,2,3,4-tetrahydronaphtalene (tetralin, purchased 

from Merck) was used as the solvent. 

 An ink-jet printing setup with a high-precision vertical translation stage and a 

Microfab glass nozzle (type MJ-ATP-01-50-DLC, 50 µm orifice diameter) was used 

to print inks with a constant TIPS-PEN concentration of 20 mg/ml and varied PS 

concentrations according to their blending weight ratios. Each droplet with a typical 

volume of 50 pL was jetted on demand and aligned to the transistor channel region 

to form an individual device, on substrates that were kept at 70 or 20 ºC. All printing 

experiments were performed in ambient cleanroom conditions. 

 Bottom-contact/bottom-gate transistors were printed on Si (n++)/SiO2 

substrates with an oxide thickness of 140 nm and photolithographically patterned Au 

as source and drain electrodes. A pentafluorobenzenethiol monolayer was 

deposited on Au electrodes 
[20]

. The SiO2 was treated with trichlorophenylsilane 
[21][22][23]

. The transistor channel length was varied between 2 and 40 µm. Device 

characteristics were measured at room temperature in inert atmosphere using an 

Agilent 4155C semiconductor parameter analyser. The field-effect mobilities of our 

transistors in linear (μlin) and saturation (μsat) regime were calculated from the two 

equations as follows, with VDS  = -1 V and -10 V, respectively 
[24]

: 
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where Ci is the capacitance per unit area of the gate dielectric layer, and L and W 

are channel length and width, respectively. The threshold voltage (Vth) of our 

devices is extracted by extrapolating the square root (SQRT) of |ISD,sat| vs. VG plot to 

ISD,sat = 0 (as depicted in the plots in Figure 3.1a). The sub-threshold slope (SS) 

value was calculated from the measured ISD values over more than two decades 

above noise level, using the following equation: 
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 Optical micrographs were taken on a Leica DM2500M Microscope with 

cross-polarizers. SKPM was performed using a Veeco Dimension 3100 with a 

NanoScope IVa controller operating in the lift mode. For the comparison of contact 

resistance in the neat and blend transistors, a maximized scan size of 80 × 80 μm
2
 

was used here to span over three active channels in the transistors to rule out any 

local effects. To avoid any effect of morphological anisotropy due to the direction of 

crystal growth from periphery towards centre of the droplets, the scanning regions of 

SKPM on two groups of devices (neat vs. blend) were chosen at the same location 

relative to the exact centre of the droplets, and with the same scanning direction with 

respect to the orientation of interdigitated electrodes of the devices. First, the height 

profile was recorded with tapping-mode atomic force microscopy (AFM). In the 

second pass the tip is lifted at a fixed height of 50 nm above the surface, and a 

voltage is applied to the tip, to record the local surface potentials. Several effects 

can influence the accuracy of SKPM measurements, e.g. the distance between 

SKPM tip and the sample surface, the geometry of the tip and cantilever, and the 

relative in-plane positioning of the cantilever with respect to the interdigitated 

electrodes of transistors 
[25][26][27]

. The accuracy of our SKPM measurements is 

comparable to earlier reports on working organic transistors 
[25][28][29]

, with observed 

voltage drop from source to drain electrodes slightly lower than the actual bias 

applied (VDS). Here we tend to attribute this smaller measured potential drops to the 

effect of non-local coupling between the entire cantilever/tip and the microscopic 

device surface, and/or a relatively high tip-sample distance of 50 nm in our 

measurements 
[26][27][30][31]

. 

 

3.3 Impact of insulating polymer (PS) on transistor device 

performance 

 Our transistors were independently processed over a period of 14 months 

on substrates that were prepared under identical conditions. Over time no significant 

drift in transistor parameters was observed. Representative transfer characteristics 

in saturation (VDS = -10 V) for neat TIPS-PEN transistors printed at 70 °C are shown 

in Figure 3.1a (open circles in blue). Non-ideal sub-threshold behavior was 
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observed in the form of ‘shoulder-like’ ISD, with an obvious hysteresis between the 

forward and backward sweeps. This phenomenon was also reported by Lee et al. 
[32]

. 

The average saturation mobility of neat TIPS-PEN transistors is 0.20 cm
2
/Vs, 

comparable with earlier reports of ink-jet printing neat TIPS-PEN 
[6][17]

. Adding a 

polymer binder to the neat TIPS-PEN ink dramatically improves the device 

characteristics (solid circles in red, Figure 3.1a): the transistors switch on sharply at 

~ 0 V, the on-current and mobility are higher than the neat TIPS-PEN devices and 

no hysteresis is observed. The sharp turn-on is a desirable device property for a 

switching transistor as it allows high-speed and low-power operation. Typical output 

characteristics for neat TIPS-PEN and blend (67% TIPS-PEN) transistors are 

compared in Figure 3.1b. No notable non-linearity (the so-called ‘S-shape’) of ISD is 

observed for the neat or blend transistor 
[33]

; not even when the output 

characteristics are plotted in the form of ΔISD/ΔVDS vs. VDS. Next, we found that the 

device mobility is a function of relative weight ratio of TIPS-PEN/PS (Figure 3.1c). 

For blends with 90 - 67 wt % of TIPS-PEN, the average mobility has increased up to 

~ 1 cm
2
/Vs, a factor of 5 higher than the neat TIPS-PEN (0.20 cm

2
/Vs). At lower 

concentration of TIPS-PEN (e.g. 60 wt %) the mobility decreases.  
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Figure 3.1 (a) Transfer characteristics in saturation regime (VDS = -10 V) for two 

representative transistors with neat TIPS-PEN channel (open circles in blue) and blend 
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channel of 67 wt % TIPS-PEN and 33 wt % PS (solid circles in red). Channel length and width 

are 10 μm and 200 μm, respectively. The two dashed arrows indicate the counter-clockwise 

hysteresis for the neat device (gate swept from +10 V  -10 V  +10 V). The plot of the 

square root (SQRT) of ISD vs. VG was used to extract mobility as well as the threshold voltage 

(Vth): the blend device shows a mobility of 1.04 cm
2
/Vs and a near-zero Vth, while the neat 

one has a mobility of 0.29 cm
2
/Vs and a Vth of 2.5 V. (b) Output characteristics of the same 

two transistors as shown in (a). VG was varied between 0 and -10 V at a step of -2.5 V. (c) 

Average saturation mobilities as a function of TIPS-PEN weight ratios in TIPS-PEN/PS blend 

transistors (averaged from > 10 devices for each ratio).  All devices were printed on 15 mm × 

15 mm square substrates at 70 °C. (d) Histograms of saturation mobilities for 68 neat TIPS-

PEN transistors and 73 blend (67 wt % TIPS-PEN) transistors printed on 150 mm wafers. The 

inset shows their average mobility values. The relative variance (standard deviation divided by 

the average value) is 23 % for neat TIPS-PEN as well as the blend devices. Transistors were 

printed at 70 °C. Channel length and width are 5 μm and 1400 μm, respectively. 

 

 The average value and standard deviation of mobility (µ) in linear and 

saturation regime, on-current (Ion), and on/off ratio (Ion/Ioff) for transistors (channel 

length: 10 µm, on 15 mm × 15 mm square substrates) printed at 70 °C with different 

blending ratios are summarized in Table 3.1. At a processing temperature of 20 °C 

we obtain typically lower device performance (Table 3.2). To further study large area 

uniformity, we printed 68 neat TIPS-PEN and 73 blend (67 wt % TIPS-PEN) 

transistors with a channel length of 5 µm on 150 mm diameter (6-inch) wafers at 

70 °C. The histograms in Figure 3.1d clearly demonstrate enhanced mobilities of 

our blend transistors over the entire wafer, with the relative variance (standard 

deviation divided by the average value) at the same level as the neat TIPS-PEN 

devices (± 23 % in the inset of Figure 3.1d). This demonstrates the potential of our 

blend inks for applications in large-area and low-cost organic electronics. 

 

Table 3.1 Summary of transistor parameters for TIPS-PEN/PS transistors with different 

blending ratios printed on 15 mm × 15 mm square substrates at 70 °C, under the same 

processing conditions. Field-effect mobilities were extracted in linear (μlin) and saturation (μsat) 

regime, on-current (Ion) and off-current were measured at VG = -10 V and +10V, respectively, 

with VDS = -10 V. Data was obtained for > 10 transistors of each ratio. 

 

Ratio (TIPS-PEN wt %) µlin (cm
2
/ Vs) µsat (cm

2
/ Vs) Ion (µA) on/off ratio

100 0.23 ± 0.06 0.20 ± 0.07 4.5 ± 1.1 4.9x10
6
 ± 3.0x10

6

90 0.72 ± 0.14 0.93 ± 0.23 8.6 ± 1.7 1.2x10
7
 ± 1.0x10

7

80 0.90 ± 0.14 1.08 ± 0.16 9.4 ± 1.7 3.0x10
7
 ± 1.8x10

7

70 0.83 ± 0.22 1.04 ± 0.26 9.7 ± 2.8 2.9x10
7
 ± 1.7x10

7

67 0.85 ± 0.09 1.01 ± 0.12 10.8 ± 1.3 4.9x10
7
 ± 2.3x10

7

60 0.53 ± 0.24 0.66 ± 0.30 5.7 ± 2.5 3.8x10
7
 ± 6.6x10

7

50 0.30 ± 0.27 0.37 ± 0.33 3.6 ± 3.4 2.2x10
7
 ± 3.1x10

7

33 0.005 ± 0.003 0.01 ± 0.009 0.06 ± 0.04 2.1x10
5
 ± 1.6x10

5

 

 

Table 3.2 Summary of transistor parameters for TIPS-PEN/PS transistors with different 

blending ratios printed on 15 mm × 15 mm square substrates at 20 °C, under the same 

processing conditions. Field-effect mobilities were extracted in linear (μlin) and saturation (μsat) 
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regime, on-current (Ion) was measured at VG = -10 V, with VDS = -10 V. Data was obtained for 

> 10 transistors of each ratio. 

 

Ratio (TIPS-PEN wt %) µlin (cm
2
/ Vs) µsat (cm

2
/ Vs) Ion (µA)

100 0.17 ± 0.03 0.15 ± 0.05 4.4 ± 0.9

67 0.53 ± 0.13 0.55 ± 0.14 7.8 ± 1.7

50 0.58 ± 0.47 0.65 ± 0.51 8.3 ± 6.6

33 0.02 ± 0.02 0.04 ± 0.04 0.3 ± 0.3  

 

 The observation that the mobility is increased by the presence of an 

insulator up to a critical blending ratio demonstrates that introducing an insulating 

polymer does not negatively affect the charge transporting layer in the device. This 

implies that in particular the composition and morphology of the first few nanometers 

of our TIPS-PEN/PS blend are similar to that of neat TIPS-PEN, as charge transport 

takes place at this zone in the semiconductor layer 
[34][35]

. Similar behavior was 

recently reported for spin-cast blends of TIPS-PEN with poly(α-methylstyrene) 
[8][9]

, 

and blends of TIPS-PEN or fluorinated 5,11-bis(triethylsilylethynyl) 

anthradithiophene (diF-TES ADT) with a semiconducting polymer, polytriarylamine 
[7][12]

. The results were explained by the occurrence of vertical stratification upon 

casting and solvent evaporation. During solvent drying TIPS-PEN is predominantly 

expelled to both top and bottom interfaces of the deposited films 
[8][9][12]

. As long as 

phase separation leads to almost pure phase of TIPS-PEN at the two interfaces, it 

should be possible to realize transistors with good performance. This hypothesis can 

explain why the mobility decreases at too high weight fraction of the polymer in our 

blends: phase separation is incomplete and no continuous film of TIPS-PEN is 

formed at the bottom interface of our devices. It can however not explain why the 

maximum mobility of the blends is higher than that of the neat TIPS-PEN transistors. 

At least two explanations have been proposed for the improved charge transport in 

blend transistors based on small-molecule organic semiconductors with insulating 

polymers. Ohe et al. suggested that the addition of polymer binder leads to a slower 

solvent drying and hence to an improved film morphology with better uniformity 
[9]

. 

Yoon et al. proposed that the polymer binder influences the film formation process of 

the small-molecule organic semiconductors and acts indirectly as a purification 

method, the so-called ‘zone-refinement effect’ during solidification 
[36]

. 
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Figure 3.2 (a) Representative cross-polarized optical micrographs showing the morphology 

transition of TIPS-PEN/PS blends with different TIPS-PEN concentrations printed at 70 °C. 

The scale bar indicates 100 µm. (b) Transfer characteristics in saturation regime (VDS = -10 V) 

for transistors corresponding to the optical micrographs in (a). (c) Representative cross-

polarized optical micrographs showing the morphology transition of TIPS-PEN/PS blends 

printed at 20 °C with decreased TIPS-PEN weight ratio from 100 % to 33 %. The scale bar 

indicates 100 µm. (d) Transfer characteristics in saturation regime (VDS = -10 V) for the three 

transistors corresponding to the optical micrographs in (c). 

 

 Typical optical micrographs (cross-polarized reflection mode) in Figure 3.2a 

present the morphology evolution of TIPS-PEN/PS blends printed at 70 °C, with 

TIPS-PEN weight ratios ranging from 100 % to 50 %. Neat TIPS-PEN devices have 

irregular shaped crystalline deposit attributed to the de-pinning of the contact line 

during solvent drying (image of 100 wt %), leading to limited crystal coverage on 

transistor channels. The addition of PS up to ~ 40 % gives circular deposits with 

large crystals of TIPS-PEN that cover the whole device area with an improved 

crystal morphology (images of 80 wt % and 67 wt % of TIPS-PEN). Devices with this 

type of morphology have high mobility. At further higher concentration of PS, small 

and isolated TIPS-PEN crystals in a matrix of amorphous materials are observed 

(images of 50 wt %). The lack of crystalline TIPS-PEN in this deposit explains the 

lower transistor performance and large parameter spread (Table 3.1). 

Corresponding transfer characteristics for the four transistors of Figure 3.2a are 

compared in Figure 3.2b. Similar trends in contact-line pinning, transition of crystal 

morphology, and transistor performance as a function of polymer content were also 

observed when printing at a lower substrate temperature of 20 °C (Figure 3.2c, d). 

The de-pinning effect, however, is more dominant for 20 °C: the lack of positioning 

control with ill-defined crystal coverage on transistor channels results in their lower 

device performance and larger spread (Table 3.2). 

 

3.4 Channel scaling studies 

 In relation to the phase separation mentioned above, the steep on-switch of 

current (ISD) of the blend devices is also informative. Steep sub-threshold slopes are 

observed for all blend transistors, i.e. independent of the TIPS-PEN/PS ratios and 
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process temperatures. Steep sub-threshold slope and low threshold voltage (Vth) are 

usually taken as evidence of a high quality gate dielectric-semiconductor interface 

with few charge trapping centers 
[37][38]

. This suggests that the polymer binder 

modifies the interface either directly, for instance, by forming a very thin wetting 

layer between the silane-treated dielectric and the molecular semiconductor, or 

indirectly, by influencing the molecular packing of the semiconductor leading to 

fewer grain boundaries. Meanwhile, reduced charging effects at the top surface of 

the semiconductor channel (‘backchannel effect’) by the passivation/encapsulation 

of phase-separated insulating polymer can also explain the improved characteristics 
[32]

. Although these explanations can play a role also in our blend devices, we 

propose a third explanation below. 
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Figure 3.3 A representative TIPS-PEN/PS blend (67 wt % TIPS-PEN) transistor showing the 

extremely steep sub-threshold slope (SS) of 67 mV/dec in saturation regime (VDS = -10 V). 

The SS value was calculated from the measured ISD values over more than two decades 

above noise level, as indicated by the arrow. The I-V curve was measured with 0.01 V 

increment per step of VG. 

 

 The sub-threshold slope in most blend transistors is very close to the 

theoretical minimum of 60 mV/decade (= kT/q×ln10) for an Ohmic charge injection 

from a metal into a semiconductor at room temperature 
[39][40]

. Figure 3.3 shows a 

representative sub-threshold slope as steep as 67 mV/decade (the second steepest 

value for organic transistors reported so far 
[41]

) in saturation regime for a blend 

transistor, calculated over more than 2 decades of ISD. This points towards the 

existence of a tunneling barrier at the metal contacts, which is characterized by a 

highly non-linear I-V behavior in transfer characteristics 
[40][42][43][44]

. 
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Figure 3.4 Channel length dependence of total resistance (Rt) in linear regime (VDS = -1 V) at 

different gate biases (VG) for neat TIPS-PEN and blend (67 wt % TIPS-PEN) transistors. 

 

 We measured the channel length (L) dependence of the total resistance (Rt 

= VDS/ISD) at different gate biases (VG) in linear regime (VDS = -1V) for two groups of 

transistors: neat TIPS-PEN vs. blend (67 wt % TIPS-PEN) (Figure 3.4). For the 

sake of comparison we choose the device series to have similar extracted mobilities. 

This implies that this group of blend transistors has below-average mobilities. As 

compared in Figure 3.4, Rt decreases linearly with L for the neat TIPS-PEN 

transistors, down to a channel length of 2 µm. In contrast, for the blend transistors, 

Rt does not decrease further if we decrease L below 10 µm, illustrating the 

importance of a parasitic contact resistance, Rsd, in series with the channel 

resistance. Apparently the influence of Rsd for the extraction of intrinsic channel 

mobility is substantial for the blend but relatively small for the neat TIPS-PEN 

transistors. From similar analysis for other blend device series, we know that in all 

cases the blend transistors are influenced by contact resistance (contact limited) and 

that the variation in Rsd is one of the major causes for the variation in mobility 

reported in Table 3.1. This makes it particularly relevant to study the origin of the 

parasitic contact resistance. 

 

3.5 Contact resistance identified by SKPM 

 To study the origin of parasitic contact resistance in our devices and 

correlate it to local charge-transport properties, scanning Kelvin probe microscopy 

(SKPM) measurements were performed during device operation 
[45]

. As shown in the 

potential image of Figure 3.5a, the neat TIPS-PEN transistors show typical 

parabolic potential profiles from source to drain electrodes when devices were 

operated in saturation regime, with a small voltage drop at the source electrode, < 

15 % relative to the voltage drop across the channel. Some negligible potential steps 

along the channel can be discerned and attributed to the grain boundary effects (see 

corresponding topography image in Figure 3.5a), in line with previous studies 
[28]

. In 
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contrast, the potential profiles of the blend (67 wt % TIPS-PEN) transistors show 

significant voltage drops at the electrodes (Figure 3.5b). Because > 80 % of the 

voltage drastically drops at the source electrodes, the profile inside the channel is 

absent of details. 

 

 
 

Figure 3.5 2D topography and corresponding surface potential images measured with SKPM 

of neat TIPS-PEN (a) and blend (67 wt % TIPS-PEN) transistors (b), as shown in the upper 

and lower panels, respectively. White dashed lines indicate the positions where the potential 

cross-sections were taken. Solid black lines denote the cross-section potential profiles along 

the positions indicated by the dashed white lines. In the potential images, parallel dotted lines 

in the vertical direction indicate the positions of the edges of source (in blue) and drain (in red) 

electrodes. Channel length is 20 µm. The transistors were biased in saturation regime (VDS = -

10 V, VG = -10 V). 

 

 This high-Ohmic spatial zone close to the source electrodes of blend 

devices suggests a substantial barrier for charge injection from the contacts into the 

channels. Based on the potential profiles in Figure 3.5, we can quantitatively 

compare the contact resistance (Rsd) for neat and blend devices operated at the ‘on-

state’ (bias conditions: VDS = -10 V and VG = -10 V 
[25][46]

) using 
[25][45]

: 

 

on

DS
sd

I

VV
R




      

(3.4) 

where ΔVS and ΔVD are the voltages drops at the source and drain electrodes (in 

Figure 3.5), respectively, and Ion is the measured ‘on-state’ source-drain current ISD. 

With such calculations we found Rsd for neat (~ 0.13 MΩ) and blend (~ 0.51 MΩ) 

devices, respectively, much higher in the blend. 
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3.6 Charge-trapping at the edges of Au electrodes in blend 

transistors 

 Recently electric force microscopy (EFM) was adopted to study charge 

trapping in TIPS-PEN transistors by Jaquith et al. 
[47]

. Clear evidence of long-lived 

charge trapping was observed. In their study the films were prepared using different 

processing conditions, leading to different mobilities (10
-4 

~ 10
-3

 cm
2
/Vs). In that work 

frequency-shift EFM images were recorded to reflect the variations in local trap 

density. Here, we use SKPM to directly monitor the possibly trapped charges by 

measuring their local surface potentials with time. To (possibly) create long-lived 

trapped charges in our samples, a gate bias of VG = -10 V was applied for ~ 10 mins. 

During this time, some of the mobile charges may become trapped. The biases were 

then set to zero in order to extract the mobile charges from the transistor channel, 

and the local electrostatic potential was measured immediately. Recorded potential 

images of a neat TIPS-PEN and a blend (67 wt % TIPS-PEN) transistor are 

compared. As shown in Figure 3.6a (middle image: t = 0), only few spots with 

slightly higher potentials are identified in neat TIPS-PEN channels. These can be 

correlated to grain boundaries or material voids from the corresponding topography 

image. The potential differences at these spots disappear on a time scale of ~ 1 

hour (bottom image in Figure 3.6a: t = 68 min). In comparison, in the blend device 

we observed noticeable local surface potential variations (middle image in Figure 

3.6b: t = 0). If we attribute the contrast in these potential images to trapped positive 

charges (holes), then we observe substantial hole trapping at the edges of Au 

electrodes in the blend devices. These trapped holes in the blend films are very 

long-lived (bottom image in Figure 3.6b: t = 612 min). For more than 10 hours we 

observed no significant decrease of trapped charges as evidenced by the essentially 

unchanged potential image. 

 

Neat TIPS-PEN Blend (67 wt% TIPS-PEN)(a) (b)

t = 68 min t = 612 min

t = 0 t = 0

Neat TIPS-PEN Blend (67 wt% TIPS-PEN)(a) (b)

t = 68 min t = 612 min

t = 0 t = 0
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Figure 3.6 Time-dependent surface potential images and corresponding 2D topographies 

recorded by SKPM, for neat TIPS-PEN (a) and blend (67 wt % TIPS-PEN) transistors (b). The 

potential images in the middle row (t = 0) were measured by grounding all electrodes 

immediately after a gate bias of -10 V was applied for 10 minutes. The potential images at the 

bottom row were measured at t = 68 minutes and 612 minutes after three electrodes were 

grounded for the neat and blend device, respectively. 

 

 It has recently been shown that insulating polymer such as poly(α-

methylstyrene) can trap charges (holes) in pentacene-based organic transistors 
[48]

, 

and these holes remain trapped in the insulating polymer until sufficient counter 

charges (electrons) can tunnel into the polymer from the channel 
[49]

. Based on the 

clear differences of trapped charges in terms of locations, areal densities and life-

times between our neat TIPS-PEN and blend devices, we argue that the hole 

trapping in our blend films is related to the local presence of insulating polymer (PS). 

The potential variations in the blend films (Figure 3.6b) are explained by a lateral 

phase-separation between TIPS-PEN enriched crystal grains and PS enriched 

regions. In particular, our SKPM results reveal obvious hole trapping effects exactly 

at the edges of the source/drain Au electrodes with no apparent correlation with its 

local crystal morphology. This strongly suggests the presence of a thin film of PS (or 

PS enriched phase) at the Au electrodes. Such an insulating barrier can explain the 

differences in sub-threshold slope of the I-V characteristics, contact resistance 

observed in channel scaling measurements, potential drops and hole trapping at the 

electrodes observed by SKPM, between our neat TIPS-PEN and blend devices. 

 

3.7 On the relation between charge-trapping, threshold voltage & 

channel conductivity 

 If charges are trapped (de-trapped), or fixed space charges are distributed in 

the transistor channel on a timescale comparable to the typical duration of the I-V 

measurement, it can be observed as a hysteresis during the forward and backward 

sweeps in transfer characteristics. We typically swept the voltages at a rate of 1 

Volt/sec, meaning a total measurement time of ~ 1 minute. 

 In the case of neat TIPS-PEN transistors, non-ideal sub-threshold behavior 

was observed in the form of ‘shoulder-like’ ISD, with an obvious hysteresis during 

gate sweeps (Figure 3.1a). The (counter-clockwise) hysteresis was independent of 

the sweep direction, i.e. it was the same when sweeping the gate biases (VG) in the 

opposite direction (from -10 V  +10 V  -10 V). This hysteresis occurs in the 

depletion regime, i.e. when the bulk of the semiconductor is (partly) depleted of 

unintentional charges. We attribute it to charging effects at the top surface of the 

semiconductor channel (the so-called ‘backchannel effect’), as previously reported 

by Lee et al. 
[32]

. The transfer characteristics of our blend transistors (with different 

TIPS-PEN/PS ratios) are essentially hysteresis-free, independent of the direction or 

range of the gate sweeps. Apparently, the ‘backchannel effect’ is absent in these 
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blend devices. This points to an additional advantage of the insulating polymer 

binder. It passivates the charge transport layer. 

 Trapped channel charges can result in shifts of transistor threshold voltages. 

Furthermore, deep and shallow trapping can also influence the charge transport 

negatively. We found that in our blend devices that (i) the existence of insulating 

polymer causes long-term trapping of holes, and (ii) the existence of insulating 

polymer increases the field-effect mobility and has only a marginal influence on the 

threshold voltage. We attribute this seeming contradiction to the fact that charge-

trapping takes place almost exclusively at the contact edges and to a far lesser 

extent in the channel region of our blend transistors. Less than 1.6 % 
[50]

 of the 

initially accumulated mobile charges induced by the gate bias can be trapped at only 

a few locations inside the channel (Figure 3.6b). This explains why we do not 

observe threshold voltage shifts in our blend transistors. Whether and how much the 

trapped charges will mitigate charge transport in the channel cannot be determined 

or quantified. If any, it is expected to result in a decrease in channel conductivity, but 

in fact we observe the opposite. The net positive effect of polymer blending indicates 

that a complex interplay between different mechanisms is taking place here. 

 

3.8 Conclusions 

 To conclude, we have presented a systematic study of the influence of 

material composition and ink-jet processing conditions on the charge transport in 

bottom-gate field-effect transistors based on single droplets of TIPS-PEN/PS blends. 

Under optimal conditions the field-effect mobility of the blends is significantly higher 

than that of the neat TIPS-PEN. In addition, blending results in much better sub-

threshold characteristics. These results represent an important step towards the 

application of ink-jet printing for controlled deposition of high-performance transistors 

in large-area organic electronics. Using channel scaling measurements and SKPM 

measurements, we show that the sharp turn-on in current in the blends is the result 

of a contact resistance that originates from a thin insulating PS layer between the 

injecting contacts and the semiconductor channel. This insight suggests that 

reducing the contact resistance is most likely the best way forward to improve the 

transistor characteristics even further. 
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CHAPTER IV 
 

4. Electric field confinement effect on 

charge transport in polycrystalline 

organic field-effect transistors 
 

While it is known that the charge carrier mobility in organic semiconductors is only 

weakly dependent on the electric field at low fields, in this chapter the experimental 

charge carrier mobility in organic field-effect transistors using silylethynyl-substituted 

pentacene is found to be surprisingly field-dependent at low source-drain fields. 

Corroborated by scanning Kelvin probe measurements, we explain this experimental 

observation by the severe difference between local conductivities within grains and 

at grain boundaries. Redistribution of accumulated charges creates very strong local 

lateral fields in the latter regions, as required for the current to be continuous in the 

channel. These strong local fields in the grain boundaries result in the carrier 

mobility in grain boundaries to become field-dependent, and as the mobility in grain-

boundaries limits the overall mobility its field-dependence translates to a field-

dependence of the average mobility. We further confirm this picture by verifying that 

the charge carrier mobility in channels having no grain boundaries, made from the 

same organic semiconductor, is not significantly field-dependent. Finally, we show 

that our model allows us to ‘quantitatively’ model the source-drain field dependence 

of the mobility in polycrystalline organic transistors. 
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4.1 Introduction 

 Organic semiconductor films offer a huge potential for the emerging flexible 

large-area electronics because they allow for a low cost device fabrication and a 

low-temperature processing of semiconductor layers compatible with flexible plastic 

substrates 
[1][2]

. In typical amorphous or polycrystalline films the charge carriers 

move much more slowly than in perfect molecular crystals because they hop among 

localized states that are distributed in space and energy. The charge-carrier mobility 

is thus a critical parameter for the operating speed of modern opto-electronic 

devices, notably, in an organic field-effect transistor (OFET). Apart from the 

endeavor to optimize the structure-property relationships of organic functional layers, 

it is of paramount importance to improve the understanding of electrical transport 

mechanisms in realistic organic electronic devices. 

 Dependence of the charge-carrier mobility (μ) on the strength of electric field 

(F), μ(F), is of particular interest as it bears on the fundamental nature of charge 

transport in organic semiconductors. In high-quality organic single crystals μ
 

is 

normally independent of electric field at room temperature 
[3][4]

. It is well established 

that in disordered organic semiconductors μ increases with electric field in a Poole-

Frenkel (PF) fashion, ln μ
 
 F

1/2 [5][6]
. This is a consequence of thermally-activated 

hopping within a manifold of states commonly described by a Gaussian density-of-

states (DOS) distribution 
[5]

. The applied electric field tilts the DOS and thus lowers 

the average barrier height for energetic uphill jumps in the field direction. The initial 

Gaussian Disorder Model (GDM) 
[5]

 predicts the ln μ
 
 F

1/2
 dependence yet for a 

rather high electric field only 
[5]

. Subsequent work 
[7][8]

 showed that by introducing 

spatial correlation of the energies of transport, experimentally observed PF-type 

dependence at lower fields is recovered.  

 Another important advancement of the disorder formalism 
[9][10][11][12][13]

 

relates to the space charge existing in OFETs and organic diodes. In an OFET the 

current is confined to a very thin conductive layer and a sizeable fraction of the DOS 

distribution is occupied, and charge transport occurs by hopping from states at the 

Fermi level to the transport energy. Pasveer, Coehoorn, and co-workers 
[9][10]

 predict 

from extensive simulations using the extended Gaussian disorder model  that μ
 

increases with both the carrier density (c) and the electric field (F). This model was 

also corroborated by analytic theories, first formulated for a zero-field limit 
[11][12]

 and 

recently extended for arbitrary electric fields 
[13]

. Recently Bouhassoune et al. 
[14]

 

included also the effect of spatial energy correlations (Extended Correlated Disorder 

Model (ECDM)). 

 Note that in organic diodes it is experimentally hard to distinguish between 

the influence of the carrier density c and the influence of electric field F on the 

mobility μ. However, it is in principle possible for an OFET configuration where 

lateral electric field can be varied by source-drain voltage while keeping the space 

charge in the transistor channel constant.   

 All previous versions of the disorder model predict that μ
 
should saturate at 

fields ≤ 10
4
 V/cm. For instance, the ECDM approach 

[14]
 predicts the electric-field 
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dependent OFET mobility just for the range 0.25 < (eaF/σ)
1/2

 < 1.0, where σ is the 

width of the DOS, a is average intersite distance, and e is the elementary charge. 

For representative parameters for a disordered solid, viz. σ = 70 meV, a = 0.7 nm, 

and c = 10
-3

 (where c = n / N is the relative carrier concentration with respect to the 

concentration of localized states N), it translates into electric fields 6.25 × 10
4
 < F < 

10
6
 V/cm. This is at variance with experiments on OFET to be described below. This 

observation calls for another extension of the disorder model, by accounting for 

additional factors governing the field dependence of mobility in OFETs, such as the 

morphological effects in the active semiconducting layer (e.g. the presence of grain 

boundaries in a transistor channel), which have been overlooked so far.  

 The work described in this chapter is based upon the notion that the electric 

field is not necessarily homogenous – as is usually tacitly assumed – but it can be 

inhomogeneous. This notion will be corroborated by scanning Kelvin probe 

microscopy (SKPM) of active layer of an OFET based on 6,13-bis(triisopropyl-

silylethynyl) pentacene (TIPS-PEN) during device operation. We show that the 

morphology of the layer has an immediate impact on charge transport properties: 

strong local fields result in lateral-field dependence of OFET mobility in TIPS-PEN, 

while no such dependence was observed in channels where electric field was 

homogenous. Ink-jet printable TIPS-PEN was chosen as the model material in 

present work since our previous studies have shown that neat TIPS-PEN films 

feature crystallite grains with dimensions compatible with the spatial resolution of 

SKPM, and have indicated that this material allows for the manipulation of film 

morphology within a transistor channel from multiple grains separated by grain 

boundaries (GB) to a single grain 
[15]

. 

 

4.2 Experimental 

 TIPS-PEN was synthesized according to literature 
[16]

 and used as the 

functional semiconductor layer in bottom-contact/bottom-gate OFETs fabricated by 

ink-jet printing (details of ink-jet process and device structure were described in 

Chapter 3 
[15]

). Two types of TIPS-PEN films were prepared: (i) neat TIPS-PEN 

forming irregular shaped crystalline deposit with multiple-grain morphology within a 

transistor channel (namely ‘channel with GB’); (ii) TIPS-PEN blended with 

polystyrene (PS) (weight ratio 2/1) that features much larger TIPS-PEN crystallites 

with more homogenous film morphology throughout transistor channels. The films 

were checked by cross-polarized optical microscope to assure that in the latter case 

a large crystallite of TIPS-PEN covers the whole transistor channel under 

investigation (namely ‘channel without GB’). 

 Transistors were characterized with Agilent 4155C semiconductor 

parameter analyzer at room temperature in inert atmosphere. The average charge 

(Q) in a transistor channel can be expressed in the linear regime as 
[17][18]

: 

 )
2

( th
D

Gi V
V

VCQ 
     

(4.1) 
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where VG and VD 
are the source-gate and the source-drain voltage, respectively, Ci 

is the capacitance per unit area of the gate dielectric, and Vth is the threshold voltage. 

μ
 
in this study was obtained from output characteristics (ISD vs. VD plots) at a 

constant Q in the channel. Constant Q was assured by sweeping the gate voltage 

(VG) at half of the rate for VD sweeping (according to Eq. (4.1)), i.e. VD swept from 0 

V to -20 V with -0.5 V/step, meanwhile VG swept from -10 V to -20 V with -0.25 

V/step. Then according to a modified metal-oxide-semiconductor field-effect 

transistor (MOSFET) equation 
[17][18][19][20]

, the average mobility μ (VD) can be 

determined in linear regime as: 
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(4.2) 

where L and W are the channel length (20 μm) and width (≈ 1.7 mm), respectively. 

And VD-channel is the actual voltage drop within the channel region by subtracting the 

drops at the edges of source and drain contacts, measured by SKPM at different 

applied VD and the corresponding VG assuring a constant Q in the channel. 

 Local surface potential distributions along the transistor channel for both 

neat TIPS-PEN and blend films were measured by using SKPM under device 

operation parametric in different VG, using a Veeco Dimension 3100 with a 

NanoScope IVa controller operating in the lift mode. The accuracy of our SKPM 

measurements is comparable to earlier reports on working organic transistors with 

buried source and drain contacts (i.e. bottom-contact) 
[21][22][23]

. Note that applicability 

of SKPM for evaluation of lateral-field distribution in organic devices has already 

been demonstrated 
[24]

. 

 

4.3 Results and discussions 

 Figure 4.1 (symbols) shows OFET mobility as a function of lateral electric 

field in two types of TIPS-PEN channels with- and without GB (circles and squares, 

respectively), calculated from the experimentally obtained output characteristics 

using Eq. (4.2) in linear regime with constant channel charges. The extracted μ in 

TIPS-PEN/PS blend was higher than that of the neat TIPS-PEN, in agreement with 

previous studies 
[15]

, probably due to improved film morphology 
[25]

, and/or due to a 

purification process by the blended polymer during solidification 
[26]

. Surprisingly, the 

field dependences of mobility in the above two types of channels are found to differ 

drastically. In the TIPS-PEN channel with GB (circles in Figure 4.1) μ increases with 

lateral electric field, while μ is virtually field independent in TIPS-PEN channels 

without GB (squares in Figure 4.1). Such a trend was very well reproducible in all 

TIPS-PEN-based samples (neat vs. blend) we examined. A slightly negative field 

dependence of μ was observed in the neat TIPS-PEN channels with GB at F < 2 × 

10
3
 V/cm, however, the appearance of this behavior was sample dependent and we 

temporally ascribe it to the possible influence of contact resistance at very low VD 

and this effect will not be discussed hereafter. 
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Figure 4.1 Lateral-field dependences of the OFET mobility measured in TIPS-PEN channel 

with GB (circles) and without GB (squares) at T = 300 K. Charge mobilities calculated 

assuming homogenous electric field (q = 1) for σ = 65 meV and σ = 73 meV within 

Pasveer/Coehoorn model (curve 2 and 1, respectively, in blue color) and by Fishchuk model 

(curve 2’ and 1’, respectively, in red color). Other parameters used: a = 0.7 nm, c = 10
-3

, and 

the ratio a / b = 10 and 5 for Pasveer/Coehoorn and Fishchuk model, respectively. The best-fit 

curve for the channel with GB calculated assuming strong local electric fields accounted for by 

the field magnification parameter q = 115 within Pasveer/Coehoorn model (curve 3, in blue) 

and by q = 64
 
within Fishchuk model (curve 3’, in red). Note that curves 1 and 1’ coincide. 

 

 To explain our observations, we first tried to fit the experimental field 

dependent mobility (Figure 4.1) with Pasveer/Coehoorn model 
[9][10]

. Most of the 

material parameters used for calculation were taken from experiments, viz. carrier 

concentration experimentally estimated as c = 10
-3

; a = 0.7 nm taken as a typical 

intermolecular distance for pentacene 
[27]

; a / b = 10 used according to Ref. 
[9]

 (b is 

the localization radius of a charge carrier); for TIPS-PEN channels with GB the 

energetic disorder parameter σ = 73 meV was estimated from experimentally 

measured Meyer-Neldel temperature (TMN) according to the method described 

recently 
[28]

, while for the blended TIPS-PEN channels σ = 65 meV was used as 

fitted parameter, the prefactor mobility μ0 was chosen to match the zero-field mobility 

value. Note that activation energy (energetic disorder) for the OFET mobility in TIPS-

PEN films was found to depend significantly on the fabrication procedure 
[29]

. 

Mobilities calculated according to Refs. 
[9][10]

 under the premise of homogenous 

lateral electric field are shown by solid blue curves 1 and 2 in Figure 4.1 and they 
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evidence that original Pasveer/Coehoorn model predicts no field dependence at 

such low fields and reasonable material parameters. This model can quantitatively 

describe well just the flat field dependence of μ observed in TIPS-PEN blend 

channels without GB, but it clearly fails to describe the data for neat TIPS-PEN 

channels with GB (circles in Figure 4.1). 

 Next, the mobilities in the relevant lateral electric field range were calculated 

by the Fishchuk analytic model 
[13]

 for the same set of material parameters and 

assuming homogenous electric field (curves 1’ and 2’ in Figure 4.1). These 

calculation results are quite similar to those obtained by the Pasveer/Coehoorn 

model (cf. curves 1 and 2 in Figure 4.1) and similarly fail to fit the experimental data 

for TIPS-PEN channels with GB (circles in Figure 4.1). 
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Figure 4.2 Surface potential profiles of neat TIPS-PEN (a) and the TIPS-PEN/PS blend (b) 

measured by SKPM in the active layer of OFET devices at VD = -5 V and for different VG 

voltages. Positions of GB are indicated by the thick arrows in (a). 
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 Thus, the established hopping charge transport models assuming 

homogenous electric field are unable to provide a quantitative description of the 

increasing OFET mobility in TIPS-PEN in the range of low lateral electric fields 

relevant for experiments. To solve the puzzle, we propose that in multiple-grain 

channels the OFET mobility is controlled not by the lateral field averaged over the 

transistor channel (as conventionally assumed), but rather by the much stronger 

effective local electric fields generated in such inhomogeneous media. This is 

supported by measuring the surface electrostatic potential distributions along 

transistor channels by SKPM during device operation at applied lateral voltage VD = 

-5 V and varying source-gate voltage VG on the same TIPS-PEN samples as used 

for charge transport measurements in Figure 4.1. Typical potential profiles obtained 

in the channel containing GB and that without GB, are shown in Figure 4.2a and b, 

respectively. Both types of TIPS-PEN films show typical smooth parabolic potential 

profiles from source to drain electrodes (Figure 4.2) in studied channels when 

devices are in ‘OFF-state’ (before VG reaches Vth), but abrupt potential drops occur 

within the channel of TIPS-PEN with GB (shown by the red arrows in Figure 4.2a) 

when the device is in ‘ON-state’, i.e. upon charge accumulation near the gate 

electrode. 

 The electrostatic field profile in Figure 4.3 (lower panel) clearly reveals 

several sharp peaks. Note that these peaks could in reality be much bigger because 

of the limited spatial resolution of SKPM 
[30]

. These spikes in the field distribution 

correlate with the locations of GB revealed by atomic force microscope (AFM) 

topography image (cf. lower and upper panels in Figure 4.3). TIPS-PEN blend 

channel devoid of GB (indicated by AFM and cross-polarized optical micrographs) 

shows rather smooth surface potential profiles within transistor channel irrespective 

of whether transistor is in ON or OFF-state (Figure 4.2b). 
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Figure 4.3 Lower panel:  distribution of lateral electric field calculated from the surface 

potential distribution from Figure 4.2 (a) at VD = -5 V and VG = -15 V in neat TIPS-PEN 

channel. Positions of GB are indicated by blue arrows. Upper panel: corresponding AFM 

topography image of the studied channel. Red horizontal line in the upper panel depicts the 

position where the cross-section of SKPM scan in Figure 4.2a was taken. 

 

 Strong inhomogeneity of lateral electric field in the conductive channel can 

be rationalized in terms of electrostatic screening due to different local conductivities 

within grains and at GB. GB are known to limit charge transport in polycrystalline 

films by establishing major potential barriers 
[22][31][32][33]

 between their more ordered 

domains. In such cases the OFET conductive channel can be considered as a 

series of resistors whose resistance is controlled by the ‘microscopic’ charge 

mobility. In the OFF-state the lateral field is homogenous because the dielectric 

constant is virtually isotropic. Therefore μ is isotropic. Upon applying a gate voltage 

to a channel with GB, charges (holes) start to accumulate in the channel, and 

instantaneously the density of accumulated holes within an individual grain is 

redistributed along the external lateral field (source to drain) direction: at one side of 

the grain it generates a locally increased hole concentration, and at the other side a 

reduced (or close to locally ‘depleted’) hole density. This creates an internal lateral 

electric field within the individual grain which compensates the applied external field. 

Note that this ‘charge-redistribution’ effect stems from the mobile (not trapped) holes 

inside grains induced by VG voltage, therefore here termed as a charge 

accumulation (rather than trapping) process at the grain boundary. This effect 

generates high local field between the grains (i.e. at the GB), while the field inside 

the grains is screened. This would translate into an inhomogeneity of the lateral 

electric field. As long as the spatial extension of GB is much smaller than the 

average size of more ordered grains, the local fields could be much stronger than 

the average applied field. 

 The concept of inhomogeneous local fields can describe ‘quantitatively’ the 

experimentally observed lateral-field dependence of the OFET mobility by slightly 

modifying either the Pasveer/Coehoorn model or the Fishchuk model. The barrier 

heights due to GB are subject to distribution over the film, therefore taking into 

account a huge variety of percolative passes present between the long source and 

drain electrodes, the charge transport in average could be considered as that 

occurring in an effectively random disordered system even though charge carriers 

may experience just a few crossings over GB in a particular percolative pass. Since 

the actual ratio between local field at the GB and the averaged field is not amenable 

to analytical treatment, we will introduce a phenomenological field magnification 

parameter q >> 1 as a fitting parameter (see Appendix of this Chapter for the thus-

modified Pasveer/Coehoorn model, with the field magnification parameter q 

implemented into the original equations). Evidently that employment of q
 
parameter 

just results in renormalization of the electric field F used in our calculations. 

 Figure 4.1 demonstrates that the experimental results on the field 

dependence of μ in TIPS-PEN channels with GB (Figure 4.1, circles) can be well 
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fitted using q = 64 and q = 115 for the Fishchuk (Figure 4.1, red curve 3’) and the 

Pasveer/Coehoorn (Figure 4.1, blue curve 3) model, respectively, using the same σ 

= 73 meV. The flat lateral-field dependence observed in channels without GB 

(Figure 4.1, squares) is also well described by our model assuming the absence of 

strong local fields (q = 1) in the homogenous film using a smaller energetic disorder 

parameter σ = 65 meV. 

 

4.4 Conclusions 

 In conclusion, by disentangling the effect of lateral field from carrier density, 

we have observed an unexpected field dependence of the charge carrier mobility in 

an organic field-effect transistor at low electric fields. It is a signature of a 

phenomenon that could be termed as electric-field confinement effect in a grainy 

organic film and this concept can ‘quantitatively’ describe the experimentally 

observed lateral-field dependence of the OFET mobility with modified hopping 

transport models. It originates from a lateral redistribution of accumulated (gate-

induced) mobile charges by the applied source-drain voltage, at the grain 

boundaries. It gives rise to strong local electric field and is relevant for organic films 

with inhomogeneous morphology caused by e.g. sample annealing in order to 

improve charge transport, and for chemically doped organic polycrystalline films. 
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Appendix 

 

Modified Pasveer/Coehoorn model with a field magnification parameter (q): 

 

 Based on numerical simulations of charge transport in Gaussian density-of-

states (DOS), Pasveer and Coehoorn 
[1][2]

 suggested a parameterization scheme to 

obtain the dependence of the charge-carrier mobility on temperature, carrier density, 

and electric field. In Chapter 4 above we introduced a phenomenological field 

magnification parameter (q) to their original equations 
[1]

, as shown below: 
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 In this modified equation, in the expression of f(T,F) in (4A.1), q is the field 

magnification parameter (in the original Pasveer/Coehoorn model q = 1); σ is the 

width of the DOS, kB is the Boltzmann constant, a is average intersite distance, b is 

the localization radius of a charge carrier, 0  is a frequency factor, c = n / N is the 

relative carrier concentration with respect to the concentration of localized states N, 

and e is the elementary charge.  
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CHAPTER V 
 

5. Solution-processed small molecule 

transistors with low operating 

voltages and high grain-boundary 

anisotropy  
 

In this chapter, we use molecular design to control the morphology and molecular 

order of organic semiconductors. We present a new soluble pentacene derivative 

with ethyl substitutions in the 2,3,9,10 backbone positions to modulate the solubility 

and film forming properties of this material compared to triisopropylsilylethynyl 

pentacene (TIPS-PEN). This permits reproducible production of molecularly highly 

ordered structures that feature average transistor mobilities in excess of 1 cm
2
/Vs 

depending on crystal orientation by careful selection of casting conditions. 
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5.1 Introduction 

 The current rapid progress in organic electronics is being driven by the 

possibility of low-cost semiconductors that can be processed over large areas and 

that display properties (e.g. mechanical flexibility) that are difficult to obtain in silicon-

based devices. Critical for the success of organic-based technologies will be the 

development of materials that can be readily processed from solution, thus allowing 

use of common printing and coating techniques including ink-jet printing or spray 

coating 
[1][2]

. Acene molecules have demonstrated high charge-carrier mobilities in 

organic field-effect transistors (OFETs) and it has been shown that they can be 

solubilized by the addition of bulky side groups to the acene core, a commonly 

employed example being triisopropylsilylethynyl pentacene (TIPS-PEN) 
[3][4][5][6]

. The 

progress of using TIPS-PEN and similar molecules has however been inhibited by 

the fact that it is difficult to control their solidification from solution. As a 

consequence inhomogeneous thin films are often obtained when using these 

materials, resulting in low device yields 
[7]

. This issue can be partly solved by 

blending the acene with a polymer matrix, but optimal device performance then 

usually requires top-gate architectures 
[8]

. This is not desirable for manufacturing 

integrated circuits. In bottom-gate/bottom-contact geometries, blending can lead to 

severely contact-limited devices caused by the presence of the polymeric matrix, 

which is often electronically inert or of lower electronic performance 
[9]

. 

 In this chapter, we explore a new candidate acene molecule based on TIPS-

PEN with substitutions in the 2,3,9,10 positions 
[10]

, i.e. β-

tetraethyl(triisopropylsilylethynyl) pentacene (BTE-TIPS-PEN). Its chemical structure 

is shown in Figure 5.1a. The substitutions affect both the solubility and the crystal 

structure of the molecule. In addition, the solidification rate from solution seems to 

be significantly enhanced for this pentacene derivative when compared to TIPS-PEN. 

As a desirable consequence of this, we find a greatly improved film formation from 

solution onto surfaces typically with a poor wetting property (such as the silane-

treated surface of the commonly employed SiO2 dielectric layer 
[11]

) when compared 

to e.g. TIPS-PEN, enabling the control of crystal growth during solvent evaporation 

by careful selection of solvents and casting temperatures. 
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Figure 5.1 (a) Chemical structures of TIPS-PEN (left) and BTE-TIPS-PEN (right), the 

numbers denoted on TIPS-PEN structure represent the positions for substituents on the 

pentacene backbone. (b) Left: Wide-angle X-ray diffractograms of BTE-TIPS-PEN. Right: 

Optical micrographs of BTE-TIPS-PEN thin films, cast at 120 °C from 0.5 wt % xylene 

solutions (Top: bright-field; Bottom: crossed-polarized). 

 

5.2 Results and discussions 

 Three different solvents were evaluated for solution casting of BTE-TIPS-

PEN. In a first set of experiments, we cast BTE-TIPS-PEN from 0.5 wt % chloroform 

solutions at room temperature. This resulted in thin-film architectures comprised of 

randomly distributed small needles of a length of ~ 10 μm. The resulting films were 

found to be non-continuous, with voids being observed by cross-polarized 

microscopy. We attribute this unfavourable behaviour to the relatively low solubility 

of BTE-TIPS-PEN in chloroform at room temperature, resulting in precipitates 

already in solution. 

 In a second set of experiments, we therefore selected decalin as a solvent. 

Use of this high-boiling-point solvent (Tb = 187 °C) permitted us to cast the solutions 

(0.5 wt %) onto a substrate kept at temperatures of > 100 °C. This resulted in 

needle-like structures similar to those observed in certain TIPS-PEN thin films 

fabricated by dip coating 
[12]

 or solution casting on tilted substrates 
[13]

, which indicate 

a strong one-dimensional growth of the BTE-TIPS-PEN. The latter was strongly 

dependent on casting temperature: cross-polarized microscopy e.g. reveals an 

increase of crystal length from 200 μm to up to 3 mm when varying the solution- and 

substrate- temperatures from 100 to 150 °C. This is most likely due to an increased 

solubility of BTE-TIPS-PEN in this solvent at higher temperatures reducing the 

number of nuclei in solution. 

 Interestingly, when we used xylene (another good solvent for BTE-TIPS-

PEN), structures comprised of crystals of 20 mm length were realized already at 
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casting temperatures of 100 °C (i.e. 50 °C below the temperatures required for 

deposition from decalin). Reduced processing temperatures are preferred as it 

minimizes material degradation 
[14]

. More importantly, the as-cast films featured 

needles that were surprisingly similar in width (~ 5 μm) and had lengths of up to 20 

mm. 

 Beneficially, the directionality of the strong one-dimensional crystal growth 

was found to be controllable by tilting the substrate by ~ 5° from horizontal while the 

solution is applied. Consequently, thin films can be produced with a preferred crystal 

orientation, which provides the possibility of assessing the effect of crystal 

anisotropy in the thin-film structure on its electronic properties 
[15][16][17][18]

, and 

making use of this feature in OFET applications. Furthermore, uniaxial orientation of 

the BTE-TIPS-PEN crystals prevented formation of noticeable voids as is evident 

from the bright-field and cross-polarized optical micrographs taken at the same 

location (Figure 5.1b). 

 We first characterized the structural anisotropy by wide-angle X-ray 

scattering (WAXS) powder and texture analysis. From the powder diffraction, we 

extract the molecular packing and crystal structure of BTE-TIPS-PEN. Similar to 

TIPS-PEN, the molecules are packed in a slip-stacked structure. Interestingly, and 

unlike the common TIPS-PEN architecture, BTE-TIPS-PEN features slightly tilted (~ 

15°) molecules in opposite direction respect to the b-axis. The notable orientational 

preference of the unit cells is evident in the texture analysis of the (001) and (111) 

diffractions (2θ of 5.4° and 9.8°, respectively). The (111) pole figure suggests that 

the π-π stacking of the pentacene backbones is along the direction of the needle 

growth. The (001) pole figure in addition indicates that the c-axis is parallel to the 

normal vector of the substrate surface as deduced from the high intensity diffraction 

spot in the centre of the graph. Comparison with the unit cell structure seems to 

imply that the molecules form a highly ordered 2D-structure, where the substituents 

at the 2,3,9,10 positions are anchored on the substrate with an angle of about 48.8° 

to the surface (see schematic in Figure 5.2, right). This is unlike TIPS-PEN and 

other known pentacene and anthradithiophene derivatives for which the molecules 

generally ‘stand up’ with their central TIPS moiety anchored on the substrate surface. 

The different orientation of BTE-TIPS-PEN compared to other derivatives may result 

from the fact that the interactions of the ethyl substituents at the terminal phenyl-ring 

positions with the substrate are stronger than those of the isopropyl moieties of the 

TIPS side chain. 
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Figure 5.2 (Left) Wide-angle X-ray diffraction (001) and (111) pole figures of BTE-TIPS-PEN 

thin films. (Right) Schematic of the unit cell of BTE-TIPS-PEN structures and its orientation 

with respect to the substrate (the red arrow indicates the growth direction of the needles). 

Black circle in the pole figure of (111) diffraction indicates the direction of ψ = 42.3° and φ = 

48.8°. 

 

 To evaluate the influence of different needle orientation in terms of 

electronic behaviour, we fabricated bottom-gate/bottom-contact OFETs on Si 

(n++)/SiO2 substrates with an oxide thickness of 140 nm and photolithographically 

patterned Au as source and drain electrodes. Prior to device fabrications, a 

pentafluorobenzenethiol monolayer was deposited on Au electrodes 
[19]

. The SiO2 

dielectric was treated with trichlorophenylsilane 
[20][21][22]

. 

 The as-cast thin films comprised of uniaxially aligned BTE-TIPS-PEN 

needles exhibited excellent transistor performance. The transfer characteristics of 

two typical devices (with identical channel width to length ratio, W/L) are shown in 

Figure 5.3a. We compare the two extreme cases of needle orientation, i.e. OFETs 

with the BTE-TIPS-PEN needle directions being positioned parallel or perpendicular 

to the direction of the source-drain bias. It is evident from the data displayed in 

Figure 5.3a that both structures result in transistors that are operating at remarkably 

low voltages (< 5 V) and that display negligible hysteresis between the forward and 

backward sweeps. For OFETs based on BTE-TIPS-PEN needles positioned parallel 

to the source-drain bias direction, we find an average saturation mobility of 1.34 

cm
2
/Vs, which is combined with an on/off ratio of over 10

5
, a near-zero threshold 

voltage, and a steep sub-threshold slope (~ 130 mV/dec). The latter value compares 

indeed favourably with some of the lowest reported values for organic transistors 
[9][23][24][25]

, suggesting a high quality gate-dielectric/semiconductor interface with few 

charge-trapping centres 
[26][27]

. Clearly, interfacial trapping is not adversely mitigating 

charge-transport in these devices. In comparison, devices with BTE-TIPS-PEN 
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needles positioned perpendicular to the direction of source-drain bias displayed 

significantly lower saturation mobilities (0.1 cm
2
/Vs), higher threshold voltages, lower 

on/off ratios (< 10
4
) and drastically increased sub-threshold slopes (Figure 5.3a). 

 

 
 

Figure 5.3 (a) Typical transfer characteristics of BTE-TIPS-PEN in bottom-gate/bottom-

contact field-effect transistor configuration (L = 10 μm; W = 5000 μm), with needles oriented 

parallel (blue) and perpendicular (red) to the source-drain bias direction. (b) Cross-polarized 

optical micrograph of a BTE-TIPS-PEN thin film on an ‘umbrella’ transistor configuration. (c) 

Charge-carrier mobilities (μFET) of BTE-TIPS-PEN versus transistor channel lengths, L (filled 

and non-filled symbols represent the saturation and linear mobility, respectively). (d) Polar 

plot for mobility (linear regime) with respect to the angle between the needles and the source-

drain bias direction. 

 

 This sharp contrast in almost all device parameters between OFETs 

fabricated at different needle directions motivated us to study in detail the angular 

dependence of charge transport of BTE-TIPS-PEN and its origin. To this end, we 

adopted a so-called ‘umbrella’ source/drain configuration where 24 independent 
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transistors are arranged in a circular array (Figure 5.3b) 
[28]

, allowing us to measure 

the device performances with respect to the crystal orientation with an angular 

resolution of 15°. 

 A high yield in device fabrication was obtained using this ‘umbrella’ 

structure: among all 132 devices, we measured μFET(linear) of 0.54  0.47 cm
2
/Vs 

and μFET(saturation) of 0.58  0.47 cm
2
/Vs, independent of device orientation. By 

plotting the μFET of a typical array of 24 devices against the crystal orientation with 

respect to the direction of source-drain bias, a clear angular dependence of the 

mobilities on the orientation of BTE-TIPS-PEN crystals is found (Figure 5.3d). 

Where the source-drain bias is applied along the needle direction, μFET was found to 

be 1 to 2 cm
2
/Vs in average (1.15  0.41 cm

2
/Vs and 1.16  0.44 cm

2
/Vs in the linear 

and saturation regimes, respectively), with μFET(saturation)max reaching up to 3.92 

cm
2
/Vs for the best devices. Note the fact that similar mobility values are deduced in 

the two regimes, which is indicative of the absence of significant parasitic effects 

such as contact limitations at this channel length (40 μm. The performance is also 

significantly superior to that of devices of different crystal orientations. Indeed, where 

the charges are driven by the source-drain bias in a direction perpendicular to the 

crystal growth direction (i.e.  to the needles’ long axis), μFET was 20 to 40 times 

lower than μFET measured for devices with needles parallel to the direction of source-

drain bias. Unlike the anisotropy previously reported for single crystals 
[28][29]

, 

however, this orientation dependence of μFET does not fit a simple mobility tensor 

transformation. This is most likely a result of the effect of in-grain anisotropy in 

combination with the anisotropy induced by BTE-TIPS-PEN needle alignment 

leading to a more complex angular dependence. 

 In order to verify this hypothesis, we studied the channel length dependence 

of our transistors in two extreme cases, i.e. with the BTE-TIPS-PEN needles 

positioned at directions parallel or perpendicular to the direction of source-drain bias 

voltage applied (Figure 5.3c). When the needle direction is parallel to the direction 

of source-drain bias (blue symbols; ), μFET increases with L (up to L = 40 μm), then 

saturates around 1 cm
2
/Vs upon further increase of L. This behaviour is most likely 

due to contact-resistance effects dominating transport in short-channel devices, 

arising from non-ideal charge injection at the source and drain electrodes 
[30][31][32][33]

. 

For devices with the BTE-TIPS-PEN needles positioned perpendicular to the source-

drain bias (red symbols; ), a somewhat unexpected channel length dependence is 

observed. At first, there is a notable decrease in mobility as L increases from 3 to 20 

µm, which is particularly pronounced for μFET(linear). Considering that the width of 

the BTE-TIPS-PEN needles is around 5 μm, this suggests that at larger channels (in 

the 5 to 20 µm regime), more than one needle is required to fully cover the channel, 

leading to grain boundaries positioned perpendicular to the source-drain bias within 

the channel region. This results in an initial reduction ofμFET; i.e. grain boundaries 

limit charge transport, not contacts. When however further increasing L, the mobility 

improves again and saturates at a value of ~ 0.1 cm
2
/Vs for L > 50 µm. 

 Interestingly, it is also evident from Figure 5.3c, that the mobility values are 

comparable for both needle directions in devices of L = 3 μm, i.e. for channel 
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dimensions smaller than the width of the grains. This indicates that there is a 

relatively low intrinsic in-grain anisotropy of μFET (~ 2 and 4 in the saturation and 

linear regimes, respectively), suggesting that more pronounced anisotropy effects 

arise due to the presence of grain boundaries within the channel region at specific 

needle orientations. Hence, the high μFET anisotropy is mainly attributed to the 

geometric morphology (i.e. anisotropy of number of grain-boundaries 
[12][34]

) of the 

BTE-TIPS-PEN needles. 

 

5.3 Conclusions 

 In summary, we have demonstrated that BTE-TIPS-PEN – a new TIPS-PEN 

derivative with substituents in the 2,3,9,10 positions of the pentacene backbone – 

can be readily fabricated into high-performance OFET structures using a single-step 

process without the need to form blends or use of top-gate structures. Average 

mobilities of more than 1 cm
2
/Vs are measured in both linear and saturation regimes 

(at source-drain biases of -1 V and -5 V, respectively) for specific crystal orientations, 

with the highest saturation mobility measured in these devices being as high as 3.92 

cm
2
/Vs. This performance is a notable improvement over TIPS-PEN previously 

produced by drop-casting, spin-coating, and ink-jet printing 
[35]

, and other solution-

processed acene-based single component devices 
[36][37][38]

, confirming that 

improved molecular engineering results in a controlled micro- and macro-structure of 

BTE-TIPS-PEN thin films that is positively influencing the electronic properties. This 

is realized with a high level of reproducibility, required for the technological 

exploitation of such discrete devices in large-area organic electronics. In addition, a 

complex angular dependence of mobilities was observed for BTE-TIPS-PEN films 

cast from xylene comprising needles of up to 20 mm in length (5 μm in width), the 

origin of which is attributed to a combined effect of in-grain anisotropy in conjunction 

with the anisotropy given by the BTE-TIPS-PEN needles, resulting in different 

amounts of grain boundaries depending on the crystal orientation. 
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CHAPTER VI 
 

6. Influence of solid-state 

microstructure on the electronic 

performance of a small-molecule 

organic semiconductor 
 

In this chapter, we demonstrate that a careful selection of the casting temperature 

alone can allow a rapid production of OFETs with uniform and reproducible device 

performance over large areas. Based on a systematic investigation on the thermal 

behaviour of 5,11-bis(triethyl silylethynyl) anthradithiophene (TES ADT), we will 

present four distinctive solid-state phases of TES ADT exhibiting drastically different 

charge-transport properties, deduced from OFET device characteristics 

corroborated by Lateral Time-of-Flight (L-ToF) photoconductivity measurements. 

The best-performing crystal polymorph of TES ADT is identified: when casting 

solutions of TES ADT dissolved in chloroform at a substrate temperature of more 

than 20 °C below its glass transition temperature, highly-crystalline and 

homogeneous TES ADT thin films can be facilely produced in a single-step, without 

the need for any post-depositions as previously reported, opening pathways towards 

high-throughput and reliable fabrication of high-performance OFETs. 
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6.1 Introduction 

 Solution-processable organic π-conjugated small molecules have been 

demonstrated to show a great potential as active elements in electronic devices 

such as organic field-effect transistors (OFETs) 
[1][2][3]

, organic solar cells 
[4][5]

, and 

light-emitting diodes 
[6][7]

. Thereby, 5,11-bis(triethylsilylethynyl) anthradithiophene 

(TES ADT) is one of the most promising materials for transistor applications; it can 

be readily synthesized at relatively large quantities 
[8][9]

 and charge-carrier mobilities 

as high as 1.3 cm
2
/Vs and on/off ratios of more than 10

6
 have been demonstrated 

using this small molecule in OFET devices 
[8][10]

.  

 The remarkable electronic performance of TES ADT is, however, 

challenging to produce at high yield when the material is processed from solution. 

Indeed, the OFET mobility values reported in literature cover six orders of 

magnitudes 
[8][11][12][13]

. One reason for this discrepancy in device performance can at 

least partially be attributed to the fact that charge transport in small molecular 

organic semiconductors depends on the extent of the π-orbital overlap and, thus, the 

solid-state order in such thin film structures 
[8][14][15][16]

. For TES ADT, the extent as 

well as the fashion how the molecules pack in such architectures strongly depend on 

the deposition method and conditions selected. For example, spin-coating yields 

predominantly amorphous thin films where charge-transport is inevitably limited by 

the poor molecular order 
[11]

. By contrast, solution casting (e.g. ‘drop casting’) often 

results in highly crystalline structures – although, these do not necessarily display 

good device performance. The reason for this is that the degree of crystallinity, the 

crystalline quality and orientation, grain size, presence of grain boundaries as well 

as other features such as film roughness, can strongly influence the OFET 

characteristics 
[17][18][19][20][21]

.  

 Apart from the deposition techniques and conditions, clearly, many structural 

factors of organic thin-film structures can in addition be manipulated by post-

deposition procedures, such as thermal 
[22][23]

 and/or solvent annealing 
[24][25][26]

. 

Applied on TES ADT, for example, various annealing techniques have resulted in 

more uniform structures of good device performance. Aging – i.e. crystallization in 

the solid state over time – at room temperature in vacuum for a period of 7 days or 

more of  spin-coated, predominantly amorphous TES ADT films (field-effect 

transistor mobility μFET ≈ 0.0007 cm
2
/Vs) resulted, for instance, in homogeneous and 

crystalline structures of μFET ≈ 0.06 cm
2
/Vs

 [12]
. Furthermore, solvent vapor annealing 

has been demonstrated to produce similar crystalline TES ADT architectures with 

improved electronic performance, with μFET reaching 0.11 cm
2
/Vs after exposure to 

1,2-dichloroethane vapor 
[11][13]

. 

 Recent studies, furthermore, indicate that TES ADT forms different 

polymorphs depending on the thermal history of a given structure 
[27]

. Chung et al. 

observed, for instance, an endothermic transition in differential scanning calorimetry 

(DSC), which was attributed to a solid-to-solid phase transition. Detailed information 

on such different crystal forms and their corresponding OFET characteristics is, 

however, still lacking. Herein we, thus, report a systematic investigation on the 
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thermal behaviour of TES ADT, its different solid-state phases and their charge-

transport properties deduced from OFET device characteristics as well as lateral 

time-of-flight (L-ToF) photoconductivity measurements. We identify the highest 

performance TES ADT structure, opening pathways which should allow advancing 

processing protocols that permit to exclusively induce this polymorph for reliable 

fabrication of high-performance bottom-gate/bottom-contact transistors. 

 

6.2 Experimental 

 5,11-bis(triethyl silylethynyl) anthradithiophene (TES ADT) was synthesized 

according to literature 
[8]

. Thin films for structural analysis as well as electronic 

characterizations were fabricated by dissolving TES ADT in chloroform (4 wt %), 

followed by solution casting onto the corresponding substrate kept at 5 °C in 

ambient conditions 
[10]

, and hereafter termed as the ‘as-cast’ phase.  

 Differential scanning calorimetry (DSC) measurements were conducted 

under N2 atmosphere at a scan rate of 10 °C/min with a Mettler Toledo STARe 

system DSC 1. Standard Mettler aluminum crucibles were used. The sample weight 

was ~  5 mg. Optical microscopy was carried out with an Olympus BX51 polarizing 

microscope equipped with a Q-imaging Go-3 camera and a Mettler Toledo FP82HT 

hot-stage. Variable temperature wide-angle X-ray scattering (WAXS) was performed 

in the BM26-DUBBLE Dutch-Belgian beamline of the European Synchrotron 

Radiation Facility (ESRF) with a Linkam THMS600 temperature-controlled stage. 

The samples were in powder form obtained from the as-cast TES ADT films. The 

temperature-controlled stage was programmed according to the DSC results. 

Density measurements were conducted with a salt-water solution column with a 

continuous density gradient and floats with standard densities inside. The standard 

deviation is given by the distribution of materials in the column as observed by eye.  

 Thin TES ADT films of the various polymorphs for electronic 

characterizations were obtained by first producing as-cast thin films on pre-treated 

transistor or L-ToF substrates (see below) and then annealing them to the different 

phase-regions identified in thermal analysis.  

 For transistor fabrications, we employed Si (n
++

)/SiO2 substrates with 

photolithographically pre-patterned Au as source/drain electrodes in a bottom-

gate/bottom-contact geometry. The Au electrodes were treated with 

pentafluorobenzenethiol (PFBT) 
[8]

, while for the SiO2 trichlorophenylsilane (TCPS) 
[28][29][30]

 was used, to reduce the contact resistance and improve the dielectric 

interface, respectively. Transistor device characteristics were measured at room 

temperature in inert atmosphere using an Agilent 4155C semiconductor parameter 

analyzer.  

 For L-ToF measurements, prior to TES ADT depositions, two parallel 

aluminum electrodes 160 μm apart from each other were deposited onto glass 

substrates. The TES ADT was subsequently solution-cast on these substrates and 

annealed into different solid-state phases, as described above. For the L-ToF 

measurements, the laser pulse duration was approximately 3 ns. The laser beam 
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was focused to a 10 μm width line with a cylindrical lens near the source electrode. 

Voltages were generated by a CAEN N1470 power supply, and current of the drain 

electrode was measured with a 2.5 GHz Lecroy WavePro 725Zi oscilloscope in 

ambient atmosphere. An Ekspla NT342 tunable wavelength pulsed laser was 

employed for the measurements. 

 

6.3 Results and discussions 

 In the first set of experiments, we assessed the rich thermal behaviour of 

TES ADT using DSC and variable-temperature polarized optical microscopy. For 

material obtained from the ‘as-cast’ thin films produced by drop casting solutions of 

4 wt % TES ADT in chloroform at 5 °C 
[10]

, we observe, similar to Chung et al. 
[27]

, 

two endothermic transitions around 135 °C and 155 °C during heating from room 

temperature to 175 °C (Figure 6.1a, 1
st
 heating). In optical microscopy, a drastic 

change in microstructure is found at the first transition (135 °C): from a highly 

birefringent, continuous terrace-like architecture with domain sizes of 500 μm or 

more (here referred to as α-phase), to well-defined, single-crystal-like needles of 20 

μm width and a few millimeters in length (β-phase; Figure 6.1b, top panels). At 

temperature above 155 °C, all birefringence was lost indicating the isotropic melting 

of the material. 

 During cooling from the melt at a rate of 10 °C/min, no crystallization 

endotherm was recorded in DSC (Figure 6.1a, 1
st
 cooling). In agreement, in optical 

microscopy, thin films produced from the melt using identical cooling rates as in the 

thermal analysis were amorphous (denoted: a-phase), as evident from their 

featureless appearance in unpolarized light (Figure 6.1b, bottom left panel) and lack 

of birefringence between crossed polarizers (not shown). Interestingly, upon heating 

this glassy structure, the phase behaviour differed from the one observed for as-cast 

films. At ~ 27 °C, the glass transition temperature (Tg) of this vitreous TES ADT was 

observed. The material then re-crystallized at temperatures above 80 °C, resulting in 

birefringent structures of domains of around 20 μm in size (γ-phase; Figure 6.1b, 

bottom right panel). This γ-phase melted at 130 °C as deduced from the endotherm 

observed at this temperature in thermal analysis (Figure 6.1a, 2
nd

 heating) and the 

disappearance of any birefringence in polarized optical microscopy.  
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Figure 6.1 (a) Differential scanning calorimetry (DSC) thermograms of TES ADT powder 

obtained from films solution-cast from solutions of 4 wt % TES ADT in chloroform at 5 °C. The 

chemical structure of TES ADT molecule is shown as the inset. (b)  Corresponding optical 

micrographs of: top left, an as-cast TES ADT film at room temperature (α-phase); top right, 

the β-phase (micrograph taken at 150 °C); bottom left, amorphous TES ADT (a-phase); and 

bottom right, the γ-phase, taken at 100 °C during heating of the a-phase. The micrographs of 

α-, β-, and γ-phases were taken between crossed polarizers. 

 

 It is evident from these initial experiments that TES ADT features at least 

four solid-state phases (α, β, a, and γ), with their formation depending on processing 

history and thermal treatment. In order to obtain further information on these 

different structures, we analyzed a solution-cast film by variable-temperature wide-

angle X-ray scattering (WAXS). The ‘as-cast’ film (α-phase) featured sharp and well 

defined reflections (Figure 6.2a). Upon heating, at ~ 150 °C, distinctly different 

diffraction patterns developed with a prominent reflection at q ~ 0.6 Å
-1

, indicating 

the formation of the β-phase. All reflections disappeared at temperatures above 

160 °C in agreement with the DSC endotherm at 155 °C being the melting transition. 

No detectable reflections developed upon cooling the film, again in accord with 
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thermal analysis and optical microscopy. The γ-phase can be observed to develop 

at ~ 80 °C (Figure 6.2b). Interestingly this phase seems to feature a smaller number 

of diffraction peaks. 
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Figure 6.2 Variable-temperature wide-angle X-ray scattering (WAXS) patterns of solution-cast 

TES ADT. (a) First heating cycle: initially the α-polymorph is present; at 150 °C the β-phase is 

formed. (b) Second heating cycle: the initially amorphous structure (a-phase) re-crystallizes to 

the γ-polymorph at temperatures above 80 °C; melting of this phase (γ) is observed at 130 °C 

(disappearance of all reflections). 

 

 Beneficially, TES ADT films comprised of either α-, β-, a-, or γ-phase could 

be produced by first inducing the respective polymorph at the relevant temperature 

and then cooling the structure directly to room temperature. This allowed 

determining the density (ρ) of these different TES ADT architectures. We find that 

the α- and β-phases are of very comparable densities: ρ(α) = 1.146 ± 0.004 g/cm
3
 

and ρ(β) = 1.144 ± 0.002 g/cm
3
, respectively. The γ-phase is significantly less dense 

than the other two crystalline polymorphs (ρ(γ) = 1.128 ± 0.006 g/cm
3
). The 

amorphous TES ADT features the lowest density (ρ(a) = 1.115 ± 0.004 g/cm
3
).  

 Device performances of the different TES ADT phases did not fully correlate 

with their densities. Representative transfer characteristics for the α-, β-, a-, and γ-

phase are presented in Figure 6.3. The average saturation mobilities deduced from 

these characteristics are 0.4 cm
2
/Vs (α), 1 × 10

-3
 cm

2
/Vs (β), 5 × 10

-6
 cm

2
/Vs (a), and 

5 × 10
-3

 cm
2
/Vs (γ). The α-phase, which is the densest structure, leads to the best 

performance in terms of all device parameters: high mobility and on-current, steep 

sub-threshold slope, and almost absence of hysteresis between forward and 

backward scans. However, the β-phase, which is of almost the same density, 

displayed considerably inferior OFET characteristics and had to be measured at a 

higher gate (and drain) bias to produce working devices. The γ-phase displayed 

higher charge-carrier mobilities than the β-phase but the devices were limited by a 

relatively pronounced hysteresis. Expectedly, the poorest device performance was 

found for the amorphous (a-phase) TES ADT structure.  
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Figure 6.3 Representative transfer characteristics taken at VD = -1 V and -10 V for transistors 

based on the different TES ADT structures: α-, β-, a-, and γ-phase (from left to the right). Note 

that for the β-phase, VG was swept from +10 V to -40 V (with VD = -4 V and -40 V) as the 

devices were not operational at lower voltages. 

 

 In order to scrutinize if the difference in OFET performance is a result of 

parasitic effects, such as a less favorable dielectric–semiconductor interfaces and/or 

charge-injection limitations, rather than the molecular packing, we also performed 

lateral time-of-flight (L-ToF) photoconductivity measurements (details are given in 

Section 6.2 Experimental), where the influence of device geometry and contact 

resistance can be eliminated and native bulk charge-carrier mobility is measured in-

plane of the thin films allowing direct comparison with the OFET data. Typical L-ToF 

photo-transients are displayed in Figure 6.4. From the transit time (ttr), i.e. the time it 

takes the photo-generated charges travelling to the opposite electrode, deduced 

from the change of slope of the double logarithmic plots of current versus time 

(indicated with arrows in Figure 6.4), we can calculate the charge-carrier mobilities 

(μTOF) for the different TES ADT architectures from: μTOF = L
2
 / ttr × Vbias. 
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Figure 6.4 Lateral time-of-flight (L-ToF) transient photocurrents of TES ADT’s various phases. 

The position of the transit time (ttr) for the respective phase is indicated with arrows. A 

schematic cross-section view of the lateral time-of-flight transient photoconductivity 

measurement set-up (comprised of coplanar electrodes) is shown as the inset. The laser 

pulse illumination is confined to the biased electrode and charge transport is measured in-

plane as in a transistor device. 

 

 Again, the β-phase displayed significantly inferior charge-carrier mobilities 

compared to the α-phase (μTOF(β) ≈ 2 to 8.5 × 10
-4

 cm
2
/Vs versus μTOF(α) ≈ 0.046 

cm
2
/Vs at 800 V bias), indicating that charge transport in this TES ADT structure 

was not limited in transistors due to e.g. a significant difference in dielectric interface 

quality. Note also that charge transport in the needle-shaped structures of the TES 

ADT (β-phase) was not strongly dependent on the direction in which charge 

transport was assessed: parallel and perpendicular to the needles we deduced L-

ToF mobilities of, respectively, 8.5 × 10
-4

 cm
2
/Vs and 2 × 10

-4
 cm

2
/Vs (channel 

length = 160 μm; Vbias = 800 V). The amorphous phase displayed μTOF of maximum 

2.5 × 10
-5

 cm
2
/Vs. The electronic performance of such amorphous films significantly 

improved, however, upon re-crystallization to the γ-phase, with μTOF(γ) reaching 9.9 

× 10
-3

 cm
2
/Vs (at 800 V bias). 

 Up to this point, in a good consistency with both field-effect transistor and 

lateral time-of-flight configurations, the as-cast α-phase displays the best electronic 

performance among various microstructures of TES ADT. This enabled and 

motivated us to further examine its device performance in large areas. As presented 

in Figure 6.5, transistors made (solely) from α-phase of TES ADT indeed exhibit a 

large-area uniformity (relatively low spread in mobility, on/off ratio, and threshold 

voltage over almost 100 devices), and a low operating voltage (currents switched on 
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and off between -5 V and +5 V of VG, shown in Figure 6.3). Over 90 devices of α-

phase we obtained a saturation mobility of 0.42 ± 0.19 cm
2
/Vs, threshold voltage of 

3.6 ± 0.9 V, and an average on/off ratio on the order of 10
5
 

[10]
. These device 

parameters are superior to those reported elsewhere 
[8][11][12][13]

. Most beneficially, 

the device yield is 100 %, which promises reliable manufacturing and simplified 

device integration, especially when considering that our single-step process has 

already allowed us to produce homogenous films of α-phase, with more than a 

square centimeter size. 
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Figure 6.5 Charge-carrier mobilities (squares) and current on/off ratios (triangles) deduced 

from 90 transistors made of the as-cast α-phase TES ADT. The hollow and filled squares 

represent the linear and saturation mobilities, respectively. 

 

6.4 Conclusions 

 In summary, the rich phase behaviour of TES ADT revealed here confirms 

the strong dependence of charge transport on the molecular packing of this small-

molecule organic semiconductor. Depending on the polymorph induced, drastically 

different electronic performances are obtained. This may explain the variations of 

charge-carrier mobility values that are reported in literature. Best electronic 

performance is demonstrated for the ‘as-cast’ α-phase: when casting TES ADT 

solutions at a substrate temperature of more than 20 °C below the material’s glass 

transition temperature, highly-crystalline and homogenous thin films (with μFET of up 

to 1.3 cm
2
/Vs and μTOF ≈ 0.046 cm

2
/Vs) are realized by a single-step process.  
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 Meanwhile, a direct correlation of charge transport and solid-state density is 

not found among different phases; thus an in-detail further study of the various 

crystal structures that TES ADT can adopt should be envisioned, in order to obtain a 

better understanding of relevant structure/processing/property/performance 

interrelationships, from molecular level to macroscopic scale. Identification of the 

best-performing (α-) phase is a first step towards such an understanding, and more 

importantly, it already allowed us to fabricate high-performance bottom-gate/bottom-

contact transistors over large areas, as scrutinized based on more than 90 OFETs 

made (solely) of α-phase, without formation of any low(er) mobility structures such 

as the amorphous phase. 

 

 

6.5 References 

[1]  A. Dodabalapur, Mater. Today 2006, 9, 24–30. 
[2]  G. Gelinck, P. Heremans, K. Nomoto, T.D. Anthopoulos, Adv. Mater. 2010, 

22, 3778–3798. 
[3]  L. Zhang, C. Di, G. Yu, Y. Liu, J. Mater. Chem. 2010, 20, 7059–7073. 
[4]  A. Mishra, P. Bäuerle, Angew. Chem. Int. Ed. 2012, 51, 2020–2067. 
[5]  P.M. Beaujuge, J.M.J. Fréchet, J. Am. Chem. Soc. 2011, 133, 20009–20029. 
[6]  L. Duan, L. Hou, T.-W. Lee, J. Qiao, D. Zhang, G. Dong, L. Wang, Y. Qiu, J. 

Mater. Chem. 2010, 20, 6392–6407. 
[7]  M. Cai, T. Xiao, E. Hellerich, Y. Chen, R. Shinar, J. Shinar, Adv. Mater. 2011, 

23, 3590–3596. 
[8]  M.M. Payne, S.R. Parkin, J.E. Anthony, C.C. Kuo, T.N. Jackson, J. Am. 

Chem. Soc. 2005, 127, 4986–4987. 
[9]  J. Anthony, Chem. Rev. 2006, 106, 5028–5048. 
[10]  L. Yu, X. Li, E. Pavlica, M.A. Loth, J.E. Anthony, G. Bratina, C. Kjellander, G. 

Gelinck, N. Stingelin, Appl. Phys. Lett. 2011, 99, 263304. 
[11]  K.C. Dickey, J.E. Anthony, Y.-L. Loo, Adv. Mater. 2006, 18, 1721–1726. 
[12]  W.H. Lee, J.A. Lim, D.H. Kim, J.H. Cho, Y. Jang, Y.H. Kim, J.I. Han, K. Cho, 

Adv. Funct. Mater. 2008, 18, 560–565. 
[13]  W.H. Lee, D.H. Kim, J.H. Cho, Y. Jang, J.A. Lim, D. Kwak, K. Cho, Appl. 

Phys. Lett. 2007, 91, 092105. 
[14]  J. Anthony, Angew. Chem. Int. Ed. 2008, 47, 452–483. 
[15]  N. Karl, Synth. Met. 2003, 133-134, 649–657. 
[16]  M. Shtein, J. Mapel, J.B. Benziger, S.R. Forrest, Appl. Phys. Lett. 2002, 81, 

268–270. 
[17]  D.J. Gundlach, J.E. Royer, S.K. Park, S. Subramanian, O.D. Jurchescu, B.H. 

Hamadani, A.J. Moad, R.J. Kline, L.C. Teague, O. Kirillov, C.A. Richter, J.G. 
Kushmerick, L.J. Richter, S.R. Parkin, T.N. Jackson, J.E. Anthony, Nat. Mater. 
2008, 7, 216–221. 

[18]  C.W. Sele, B.K.C. Kjellander, B. Niesen, M.J. Thornton, J.B.P.H. van der 
Putten, K. Myny, H.J. Wondergem, A. Moser, R. Resel, A.J.J.M. van 
Breemen, N. van Aerle, P. Heremans, J.E. Anthony, G.H. Gelinck, Adv. 
Mater. 2009, 21, 4926–4931. 

[19]  J. Rivnay, L.H. Jimison, J.E. Northrup, M.F. Toney, R. Noriega, S. Lu, T.J. 
Marks, A. Facchetti, A. Salleo, Nat. Mater. 2009, 8, 952–958. 

[20]  A. Salleo, R.J. Kline, D.M. DeLongchamp, M.L. Chabinyc, Adv. Mater. 2010, 
22, 3812–3838. 



Chapter 6 

86 

[21]  I. McCulloch, M. Heeney, M.L. Chabinyc, D. DeLongchamp, R.J. Kline, M. 
Cölle, W. Duffy, D. Fischer, D. Gundlach, B. Hamadani, R. Hamilton, L. 
Richter, A. Salleo, M. Shkunov, D. Sparrowe, S. Tierney, W. Zhang, Adv. 
Mater. 2009, 21, 1091–1109. 

[22]  Y. Zhang, C. Kim, J. Lin, T. Nguyen, Adv. Funct. Mater. 2012, 22, 97–105. 
[23]  M. Tantiwiwat, A. Tamayo, N. Luu, X.-D. Dang, T.-Q. Nguyen, J. Phys. 

Chem. C 2008, 112, 17402–17407. 
[24]  J.C. Conboy, E.J.C. Olson, D.M. Adams, J. Kerimo, A. Zaban, B.A. Gregg, 

P.F. Barbara, J. Phys. Chem. B 1998, 102, 4516–4525. 
[25]  A. Amassian, V. Pozdin, R. Li, D. Smilgies, G. Malliaras, J. Mater. Chem. 

2010, 20, 2623–2629. 
[26]  C. Liu, T. Minari, X. Lu, A. Kumatani, K. Takimiya, K. Tsukagoshi, Adv. Mater. 

2011, 23, 523–526. 
[27]  Y.S. Chung, N. Shin, J. Kang, Y. Jo, V.M. Prabhu, S.K. Satija, R.J. Kline, 

D.M. DeLongchamp, M.F. Toney, M.A. Loth, B. Purushothaman, J.E. 
Anthony, D.Y. Yoon, J. Am. Chem. Soc. 2011, 133, 412–415. 

[28]  X. Li, B.K.C. Kjellander, J.E. Anthony, C.W.M. Bastiaansen, D.J. Broer, G.H. 
Gelinck, Adv. Funct. Mater. 2009, 19, 3610–3617. 

[29]  D. Kumaki, M. Yahiro, Y. Inoue, S. Tokito, Appl. Phys. Lett. 2007, 90, 
133511. 

[30]  D. Janssen, R. De Palma, S. Verlaak, P. Heremans, W. Dehaen, Thin Solid 
Films 2006, 515, 1433–1438. 



 

87 

 

CHAPTER VII 
 

7. n-type self-assembled monolayer 

field-effect transistors: towards self-

assembled complementary organic 

circuits 
 

In this chapter we will present the first highly-reproducible n-type self-assembled 

monolayer field-effect transistors (SAMFETs), based on a perylene derivative 

(namely PBI-PA) with a phosphonic acid anchoring group which enables an efficient 

fixation to aluminum oxide. Simple device fabrication under ambient conditions leads 

to a complete surface coverage of the aluminum oxide with a monolayer of PBI-PA, 

and to transistors with electron mobilities up to 10
-3

 cm
2
/Vs for channel length as 

long as 100 μm. We will show that, despite the lack of long range in-plane order in 

the monolayer, our PBI-PA SAMFETs still exhibit decent electron mobilities. Finally, 

by implementing p- and n-type SAMFETs in one circuit, a complementary inverter 

based solely on SAMFETs, with a large noise margin of 7 volts and a gain up to 15, 

was demonstrated for the first time, paving the way to robust and low-power self-

assembled monolayer based complementary circuits. 
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7.1 Introduction 

 Self-assembled monolayers (SAMs) are dense organic layers 

spontaneously formed on a surface 
[1]

. The autonomous and selective organization 

of molecules without human intervention is a promising technology for mass 

production of organic electronics. Self-assembled monolayer field-effect transistors 

(SAMFETs) where the organic semiconductor consists of only one monolayer 

covalently anchored onto the dielectric have been reported 
[2][3]

. The covalent fixation 

of the active material to the dielectric allows the fabrication of flexible and 

transparent devices 
[4]

 with reduced delamination of the semiconductor during 

bending. The absence of bulk material eliminates bulk currents to give high on/off 

current ratios. A dense packing of the chromophores, full coverage, and strong π-π 

coupling over long distances are required for reliable devices 
[5]

 and enable a two 

dimensional charge transport between the source and drain electrodes. 

 So far the most promising SAMFETs have been demonstrated using a 

quinquethiophene derivative attached to silicon dioxide 
[6]

. Hole mobilities up to 10
-2

 

cm
2
/Vs were achieved and the first unipolar integrated circuits as for example a 15-

bit code generator based on SAMFETs, were made. State of the art integrated 

circuits however are mostly based on the well-established complementary metal 

oxide semiconductor (CMOS) technique, where pairs of p- and n-type transistors are 

combined in one device. This circuit design results in high noise immunity and low 

power consumption. To realize complementary organic circuits based on self-

assembled monolayers, suitable n-type materials for the preparation of SAMFETs 

are required. Compared to p-type materials it is difficult to find n-type transistor 

materials, because of their high reactivity towards oxygen and moisture 
[7][8]

. Only 

recently have stable n-type semiconducting materials been demonstrated with 

mobilities matching those of p-type semiconductors 
[9][10]

. 

 Progress on fabricating n-type SAMFETs has been reported 
[11]

. A 

semiconducting fullerene based monolayer (C60C18-PA) on aluminum oxide was 

shown to exhibit electron mobilities up to 10
-4

 cm
2
/Vs. A major issue in this work is 

that the C60C18-PA monolayers tend to form disordered layers with poor electrical 

properties as a result. A possible suggested solution is to use mixed monolayers 
[12]

. 

By the combination of C60C18-PA together with a C12 fluorinated phosphonic acid 

the out of plane order in the SAMs could be improved. The result – a mixed 

monolayer of both species – will however always be a necessary trade-off between 

interfacial order and surface coverage 
[12]

. The lack of reliable n-type SAMFET 

materials hampers the realization of self-assembled CMOS circuits. High 

performance and reliable n-type SAMFETs will enable a huge step forward in a 

bottom-up approach towards robust self-assembled complementary organic circuits. 

 Here we present highly reproducible n-type SAMFETs based on 

heterosubstituted perylene bisimides with mobilities up to 10
-3

 cm
2
/Vs. By 

implementing p- and n-type transistors, complementary inverters based solely on 

SAMFETs with large noise margin of 7 volts and a gain up to 15 are demonstrated. 
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7.2 Experimental 

 Bottom-gate/bottom-contact transistor substrates with patterned gate and 

interconnections were fabricated on monitor silicon wafers with a native silicon 

dioxide layer. First the gate was created by sputtering a thin gold layer and 

structuring it via photolithographic processes. On top, a 100 nm thick aluminum 

oxide layer was grown by atomic layer deposition (ALD) at 120 °C using 

trimethylaluminum and H2O as precursors. Next, vertical interconnections where 

created to enable contacting the gate. Finally, the gold source and drain electrodes 

were deposited via sputtering and structured by conventional photolithography on 

top of the aluminum oxide. The whole process was developed to remain below 

150 °C, compatible with low temperature flexible electronic processes 
[13]

. To 

facilitate the anchoring of the phosphonic acid to the dielectric, the aluminum oxide 

was cleaned with solvents (acetone and isopropanol) and activated by UV-ozone 

treatment. SAMFETs were prepared by immersion of a transistor substrate into a 

solution of PBI-PA in tetrahydrofuran (1.5 × 10
-5

 mol/l), under ambient atmosphere at 

room temperature. After immersion for ~ 24 hours, the devices were rinsed with 

tetrahydrofuran and subsequently annealed at 120 °C under N2 atmosphere for ~ 20 

mins. The full process is depicted in Figure 7.1.  

 

 
 

Figure 7.1 Schematic illustration of our n-type SAMFET fabrication process. A bottom-

gate/bottom-contact transistor substrate (1) was rinsed with organic solvents (2), immersed in 

a solution of PBI-PA (3), annealed on a hotplate (4), and subsequently measured (5). 

 

 Transistor device characteristics were measured at room temperature in 

inert atmosphere (N2 glove box) using an Agilent 4155C semiconductor parameter 

analyzer controlled by a PC. The field-effect mobilities of the SAMFETs in saturation 

(μsat) regime were calculated from the equation as follows, at VD = 20 V: 
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where Ci is the capacitance per unit area of the gate dielectric layer (70 nF/cm
2
 for 

the aluminum oxide used in this work), and L and W are channel length and width, 

respectively. The threshold voltage (Vth) of the devices was extracted by 

extrapolating the square root (SQRT) of |IDS,sat| vs. VG plot to IDS,sat = 0 (as depicted 

by the dashed plot of Figure 7.4a). 

 

7.3 Results and discussions 

 The perylene bisimide derivative N-(1-hexylheptyl)-N`-(undecyl-11-

phosphonic acid) perylene-3,4,9,10-tetracarboxylic bisimide, (PBI-PA), was 

synthesized as the n-type active material in our SAMFETs. The molecule belongs to 

a class of semiconductors well-known for their high performance in n-type organic 

transistors 
[8]

. The chemical structure of PBI-PA is shown as the inset of Figure 7.2. 

The active molecule PBI-PA consists of a heterosubstituted perylene bisimide core 

bearing a branched alkyl tail to increase the solubility on one side, and a linear 

undecyl alkyl chain with a phosphonic acid anchor group on the other side. The 

phosphonic acid allows a covalent fixation of PBI-PA to aluminum oxide. Major 

benefits of phosphonic acid terminated molecules compared to the chlorosilanes 

previously reported 
[6]

 are easier handling, storage and device fabrication as they are 

environmentally stable. 

 Bottom-gate/bottom-contact PBI-PA SAMFETs were prepared by immersing 

the transistor substrate with an aluminum oxide gate dielectric 
[13]

 into a solution of 

the PBI-PA molecule, under ambient atmosphere at room temperature (for details 

see Section 7.2 Experimental). The high tendency to form aggregates in solution is 

well known for perylene bisimides. However, the formation of large aggregates is 

undesirable for depositing smooth and dense monolayers on surfaces. 

Spectroscopic investigations revealed that at low concentrations of about 10
-5

 mol/l, 

aggregation of perylenes is suppressed 
[14]

. During the immersion the phosphonic 

acid reacts in a condensation reaction with the OH-groups on the oxide surface to 

form a covalent bond 
[15]

. In comparison to thiols, which form relatively weak bonds 

to gold, phosphonic acids bind more strongly to aluminum oxide 
[16]

. 
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Figure 7.2 X-ray reflectivity of PBI-PA monolayer on aluminum oxide. The red solid line gives 

the simulation to the experimental data. The monolayer was simulated with a 3-layer model 

comprising from bottom to top, layer 1: thickness of 1.32 nm, layer 2: thickness of 0.98 nm, 

and layer 3: thickness of 0.71 nm. 

 

 To characterize the SAMs, atomic force microscopy (AFM), X-ray 

photoelectron spectroscopy (XPS), X-ray reflectivity (XRR), and grazing incidence 

X-ray diffraction (GIXD) investigations were carried out. AFM measurements 

revealed a smooth, uniform surface similar to that of the nano-crystalline aluminum 

oxide substrate. The chemical composition of the same layer was investigated by 

angle dependent XPS measurements. The results revealed a thin organic layer on 

the aluminum oxide surface with an estimated thickness of 3.1 nm which is in line 

with the calculated molecular length of 2.9 nm. This confirms the proper formation of 

the monolayer on the surface. To determine the extent of surface coverage by XPS 

analysis, phosphorus was chosen as a marker because each molecule has only one 

phosphorus atom and no other source of phosphorus is present in the system. A 

number of 1.8 × 10
14

 phosphorus atoms per cm
2
 was measured which corresponds 

to a complete coverage, estimated by the unit cell dimensions of a known perylene 

bisimide derivative with branched alkyl tails 
[17]

. 

 Out of plane order of PBI-PA SAMs prepared on aluminum oxide substrates 

was analyzed by X-ray reflectivity measurements. The experimental data were fitted 

with different models for the SAM. The model presented here describes the 

monolayer as three separate layers with different electron density, surface 
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roughness and thickness. The bottom layer is formed by the spacer and anchor 

groups of the molecule, the middle layer consists of the aromatic cores and the top 

layer is assembled by the terminal alkyl groups of the molecule. Figure 7.2 depicts 

the experimental XRR data and the associated fits. The thicknesses of the end 

group layer, the aromatic core layer and the spacer with anchor group layer are 

found to be 0.71 nm, 0.98 nm and 1.32 nm, respectively. The numbers are in good 

agreement with the estimated lengths of the individual molecular units which were 

found to be 0.63 nm, 1.13 nm and 1.17 nm by molecular modeling. The numerical fit 

reveals that the electron density of the middle layer is considerably enhanced in 

comparison with the other two layers, which supports the presence of the aromatic 

moieties in the middle layer. 
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Figure 7.3 Grazing incidence X-ray diffraction (GIXD) of a PBI-PA monolayer together with 

the scattering signal of the bare aluminum oxide substrate. The intensity was measured with a 

one-dimensional detector and integrated in the qz range between 0 nm
-1

 and 3 nm
-1

. A 

Gaussian fitting curve to the peak at 17.5 nm
-1

 is plotted in red color. 

 

 The XPS, AFM and XRR measurements show that PBI-PA forms a densely 

packed monolayer. To investigate the in-plane order we performed grazing 

incidence X-ray diffraction measurements. Due to the absence of periodicity 

perpendicular to the SAM layer, any long-range in-plane order is manifested as 

Bragg rods. A typical example is chloro[11-(5''''-ethyl-2,2':5',2'':5'',2''':5''',2''''-

quinquethien-5-yl)undecyl]dimethylsilane self-assembled on silicon dioxide 
[6]

. The 

diffracted intensity as a function of in-plane scattering vector, qxy, is presented in 

Figure 7.3. Bragg rods are not found. Only a broad diffraction peak (qxy) at 17.5 nm
-1
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corresponding to an intermolecular distance of 0.36 nm is observed. From the width 

of the diffraction peak (Δqxy) of 2 nm
-1

, the correlation length, or crystal size, was 

estimated to be 3.1 nm. The extracted length corresponds to only 9 repeated 

conjugated units. The PBI-PA SAM forms a nano-crystalline layer. We note that the 

weak crystallinity can be inferred from X-ray diffraction studies on bulk branched 

perylene derivatives 
[17][18]

. The packing of alkyl terminated PBI-PA based molecules 

is dominated by the interaction between the conjugated PBI-PA cores. The π-π 

stacking of the aromatic cores leads to parallel stacks with a typical distance of 0.36 

nm 
[19][20][21]

. However, the stacks arrange themselves in twisted columns without 

long range order. The nano-crystallinity along the columns is confirmed by XRD 

measurement on bulk PBI-PA material, which also shows a very broad diffraction 

peak at the same distance. The interplay between steric repulsion of branched alkyl 

tails, π-π packing effects, and self-assembly of the phosphonic acid groups 

ultimately results in nano-crystalline self-assembled monolayers of PBI-PA 
[20]

. 
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Figure 7.4 Transistor characteristics of a typical SAMFET based on PBI-PA with a channel 

length of 40 μm and a channel width of 1000 μm. (a) Transfer characteristics of this device in 

saturation regime with a drain voltage of 20 V. (b) Output characteristics: the drain voltage is 

swept from 0 V to 20 V; the gate voltage is varied starting from 0 V to 25 V in 5 V per step. 

 

 The transfer and output characteristics of an n-type PBI-PA SAMFET with a 

channel length of 40 μm and a channel width of 1000 μm are shown in Figure 7.4. 

The saturation mobility of the transistor is 1.5 × 10
-3

 cm
2
/Vs, with an on/off-current 

ratio on the order of 10
4
 and a threshold voltage close to zero. We note that properly 

functioning device characteristics were obtained for short as well as long channel 

length devices up to 100 μm, for the first time 
[11][12]

. Field-effect behavior was 

obtained for all measured transistors, i.e. device yield of 100%, which is indicative of 

a high reproducibility over large areas. The transistors were contact limited as 

confirmed by the nonlinear ‘s’ shaped behaviour at the low drain bias in the output 

characteristics (Figure 7.4b). We have used gold as source and drain electrodes 

with a workfunction of ~ 5 eV. The LUMO of the PBI-PA is at 3.8 eV 
[22]

. Despite the 

injection barrier of more than 1 eV, electrons can still be injected. Comparable 
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contact limited injection has been reported for thin-film transistors of semiconducting 

PBI derivatives 
[23]

. 
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Figure 7.5 Scaling of mobility. The saturation mobility of PBI-PA SAMFETs as a function of 

channel length (ranging from 2 to 100 μm). For channel lengths smaller than 40 μm the 

mobility is dominated by the contact resistance. For larger channels the mobility becomes 

independent of the channel length. The dashed line is a guide for the eye. 

 

 The saturation mobility as a function of channel length is presented in 

Figure 7.5. In short channel transistors the transport is limited by the contact 

resistance which lowers the mobility 
[24]

. For long channels the mobility is constant 

up to a channel length of 100 μm. The constant mobility is remarkable. Traditionally, 

as reported previously for p-type SAMFETs 
[5]

, the mobility of self-assembled 

monolayer field-effect transistors decreases dramatically with increasing channel 

length. This dependence is a direct consequence of incomplete coverage. Here the 

mobility remains constant for channel lengths up to 100 μm, which is a fingerprint of 

complete coverage with long-range connectivity within the SAM. The constant 

mobility for long channel length, as shown in Figure 7.5, reflects the homogeneous 

long-range charge transport through a densely packed monolayer without 

conduction barriers from e.g. grain boundaries or from incomplete coverage. The 

channel-length dependence of the carrier mobility (Figure 7.5), XPS investigations, 

XRR, and XRD data confirm that a fully covered and conductive self-assembled 

monolayer of PBI-PA was formed on the aluminum oxide surface. 

 A crucial step towards realizing robust and low power circuits is the use of 

complementary logic. For SAMFET based complementary circuits reliable n-type as 

well as p-type SAMFETs are essential. For this purpose p-type and n-type 

SAMFETs were fabricated on two substrates and connected in a complementary 
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inverter configuration. The p-type transistors were fabricated as described previously 
[6]

, and consist of a quinquethiophene derivative grafted to a silicon dioxide dielectric 

via a dimethylchlorosilane anchor group. As the n-type material PBI-PA anchored to 

an aluminum oxide dielectric via a phosphonic acid group was taken. Due to the 

difference in mobility, the currents from both transistors were matched by adjusting 

the channel length. For the p-type SAMFET a channel length of 40 μm was chosen 

and a 2 μm channel length was taken for the n-type SAMFET. Both transistors had a 

channel width of 1000 μm. Prior electrical measurements confirmed that both 

SAMFETs showed a proper conductivity typical for dense organic monolayers on top 

of oxides. The resulting inverter characteristics are shown in Figure 7.6. When the 

supply voltage (Vdd) was set at 30 V and the input voltage (Vin) was swept from 30 V 

to 0 V with a typical scan speed of 1 V/s (red curve in Figure 7.6a), a high gain 

value of ~ 15 with the ‘trip-point’ at around 23 V of Vin was obtained. The noise 

margin of 7 volts (for Vdd = 30 V) was substantially larger than values reported for 

PMOS inverters used in complex circuitry 
[25]

, also higher than the previous unipolar 

p-type SAMFET inverters 
[6]

, and on par with conventional organic CMOS 
[26]

. 
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Figure 7.6 SAMFET based complementary inverter (CMOS). (a) Device characteristics: the 

supply voltage (Vdd) was varied starting from 10 V to 30 V in 5 V per step. The dashed lines 

represent the corresponding gains. (b) Diagram of the SAMFET CMOS inverter. 

 

7.4 Conclusions 

 In summary, we present n-type SAMFETs based on a perylene derivative 

with a phosphonic acid anchor group which enables an efficient fixation to aluminum 

oxide. Simple device fabrication under ambient conditions leads to a complete 

surface coverage of the monolayer and to transistors with electron mobilities up to 

10
-3

 cm
2
/Vs for channel length as long as 100 μm. By implementing p- and n-type 

SAMFETs in one circuit, a complementary inverter based solely on SAMFETs with a 

large noise margin and a high gain is demonstrated for the first time, paving the way 

to robust and low power self-assembled monolayer based complementary circuits. 
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CHAPTER VIII 
 

8. Programmable polymer light 

emitting transistors with ferroelectric 

polarization-enhanced channel 

current and light emission 
 

In this last chapter, we will introduce an unconventional use of the molecular 

(polymer chain/dipole) alignment, in the dielectric layer of organic field-effect 

transistors. Here we present a voltage-programmable light-emitting field-effect 

transistor (LEFET), consisting of a green emitting polymer (F8BT), and a 

ferroelectric polymer, P(VDF-TrFE), as the gate dielectric. We show by both 

experimental observations and numerical modeling that, when the ferroelectric gate 

dielectric is polarized in opposite directions at the drain and source sides of the 

channel, respectively, both electron and hole currents are enhanced, resulting in 

more charge recombination and ~ 10 times higher light emission in a ferroelectric 

LEFET, compared to the device with non-ferroelectric gate. As a result of the 

ferroelectric poling (dipole alignment), our ferroelectric LEFETs exhibit repeated 

programmability in light emission, and an external quantum efficiency (EQE) of up to 

1.06 %. Numerical modeling reveals that the remnant polarization charge of the 

ferroelectric layer tends to ‘pin’ the position of the recombination zone, paving the 

way to integrate specific optical out-coupling structures in the channel of these 

devices to further increase the brightness. 
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8.1 Introduction 

 Soluble polymer semiconductors have seen a large research and 

development effort in the past ten years as they can be processed at ambient 

temperature, starting from soluble, ink-like materials. The recent realization of 

ambipolar currents in polymer field-effect transistors 
[1]

 has enabled the fabrication of 

polymer light emitting field-effect transistors (LEFETs) 
[2][3][4]

. The higher current 

densities 
[5]

 in these devices compared to those in diode-type devices may help to 

reach population inversion which is a prerequisite for an electrically driven organic 

laser. Apart from the possible use in an organic lasing device, LEFETs may be used 

for low-loss light signal transmission in optoelectronic integrated circuits. The light 

output of the LEFETs is yet too low for many practical applications. Several 

approaches have been proposed to increase the light output by using for instance 

bilayer structures composed of p-type and n-type semiconductors 
[6][7][8][9]

, organic 

heterostructures in the channel 
[10][11]

, improved injection of both carriers by tuning 

the work functions of injecting contacts 
[3][12]

, adding small amounts of 

semiconducting carbon nanotubes 
[13]

, incorporating optical structures 
[14][15]

 and 

multiple gates 
[16]

. The drawback of these methods is that they add complexity to the 

fabrication process.  

 In this work, we present a new strategy to improve the LEFET performance 

using a ferroelectric polymer as the gate dielectric. When the ferroelectric gate 

dielectric is polarized in opposite directions at the drain and source sides of the 

channel, both electron and hole currents are enhanced, resulting in more charge 

recombination and higher light emission. We show by both numerical modeling and 

experimental results that channel current as well as light-emission efficiency is 

increased in a ferroelectric LEFET compared to the device with non-ferroelectric 

gate dielectric.  

 

8.2 Experimental 

 Transistors in this study were prepared on a thick thermally grown layer of 

SiO2 on top of a silicon support wafer. First, source and drain electrodes were made 

by lithographically patterning a 30 nm-thick gold layer. A 1-propanethiol monolayer 

was deposited on Au source-drain electrodes to improve the electron injection 
[12]

. 

Then, a 70 nm-thick polyfluorene derivative, poly(9,9-di-n-octylfluorene-alt-

benzothiadiazole), F8BT (purchased from Sigma Aldrich and used as received), was 

spincoated from anhydrous o-xylene (Sigma Aldrich) solution under N2 and 

subsequently annealed at 120 °C on a hotplate to achieve a balanced optical gain 

and charge transport for F8BT 
[12]

.  

 On top of F8BT, a ferroelectric polymer layer of poly(vinylidene fluoride-

trifluoroethylene), P(VDF-TrFE) (ratio 77/23, w/w%), provided by Solvay Specialty 

Polymers, was spincoated under N2 from anhydrous butyl acetate (Sigma Aldrich) 

solution with a thickness of 450 nm. The devices were annealed at 135 °C on a 

hotplate for 1 hour under N2 to increase the crystallinity of the P(VDF-TrFE) film 



Chapter 8 

100 

[17][18]
. For comparative purposes we also made transistors with two other fluorinated 

polymers as the dielectric layer: a 450 nm-thick polytrifluorethylene (PTrFE, from 

Solvay Specialty Polymers) and a 200 nm-thick AF2400 (from DuPont
TM

 Teflon
®
, 

FC-75 as its solvent). Finally, as semi-transparent top gate, a 20 nm-thick gold 

electrode was evaporated in vacuum through a shadow mask. All transistors have a 

channel length and width of 5 μm and 10 mm, respectively.  

 Opto-electrical characterizations were performed in a dark and N2-filled 

glove-box (water and oxygen content below 0.1 ppm) at room temperature using an 

Agilent 4155C semiconductor parameter analyser. The sweeping speed for I-V 

scans was 1 V/s. Simultaneously, the light emission was measured by aligning a Si 

photodiode (Hamamatsu S2386-18K, photo-sensitivity = 0.3 A/W at wavelength of 

500 nm) just above the surface of the emission area at a vertical height (H) of 3.5 

mm. The dimensions (0.2 mm by 0.5 mm) of the emission area were smaller than 

the radius (r) of 0.55 mm of the active area of the photodiode. Assuming the angular 

dependence of the light emission from our devices is close to that of a Lambertian 

source 
[19][20][21][22][23][24]

, and the detection angle in our measurement geometry, θ = 

arc tan (r / H), is small enough to justify a small-angle approximation 
[25]

, i.e. tan (θ) ≈ 

θ and cos (θ) ≈ 1 - θ
2
/2, we can estimate the total photocurrent (Ip-tot) from the 

measured photocurrent (Ip) by using the following relation: Ip-tot = (H / r)
2
 × Ip. Finally 

the external quantum efficiency (EQE) was calculated from the total photocurrent (Ip-

tot) by using similar methods as previously reported 
[11]

, which in our case can be 

simplified to: EQE ≈ 62.27 × (Ip / ID). The calculated EQE values for the two 

transistors presented in Figure 8.3 below reach 0.45 % and 0.16 % for the P(VDF-

TrFE) and PTrFE device, respectively (shown as insets of Figure 8.3b and d). The 

EL spectra were recorded with an AvaSpec Avantes Fiber Optic spectrometer. 

 

8.3 Opto-electrical characterizations & operation mechanism of 

ferroelectric LEFETs 

 The chemical structures of the materials used, together with the schematic 

layout of the LEFET, are shown in Figure 8.1 (detailed device preparations are 

described in Section 8.2 Experimental). Source, drain and gate electrodes are 

made of gold. A polyfluorene derivative, poly(9,9-di-n-octylfluorene-alt-

benzothiadiazole) (F8BT), was used as the semiconductor. F8BT is a well-studied 

material in combination with LEFETs because of its high light emission in the visible 

range and the fact that ambipolar currents can be attained in this material from gold 

as the injecting contacts 
[4][26][27][28]

. A random copolymer of poly(vinylidene fluoride-

trifluoroethylene), P(VDF-TrFE) (ratio 77/23, w/w%), was used as the ferroelectric 

gate dielectric, with a layer thickness of ~ 450 nm. The ferroelectric layer, because 

of its remnant polarization, can adopt either of two stable remnant polarization states. 

Switching from one polarization state to the other occurs by applying a sufficiently 

large electric voltage over the ferroelectric layer, in our case ~ 30V 
[29]

. When the 

polarization of the ferroelectric gate dielectric is oriented towards the gate electrode, 

positive counter charges (holes) are induced in the semiconductor at the 
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semiconductor/ferroelectric interface, i.e. the transistor channel. As a result, the 

onset of hole accumulation in a p-type semiconductor shifts to a more positive gate 

bias. Similarly, the opposite polarization state of the gate dielectric shifts the onset 

voltage of electron accumulation to a more negative gate voltage. When the 

polarization is oriented towards the gate electrode at the source side of the channel 

and in the opposite direction at the drain side, it should be possible to accumulate 

more holes at the source and simultaneously more electrons at the drain side of the 

channel, respectively. This is illustrated schematically in Figure 8.1b. 

 

F8BT P(VDF-TrFE)

(a)

(b)

Semiconductor

Substrate

Drain

Gate (Programmed)

Source

F8BT P(VDF-TrFE)

(a)

(b)

Semiconductor

Substrate

Drain

Gate (Programmed)

Source

 
 

Figure 8.1 (a) Chemical structures of the materials used: F8BT and P(VDF-TrFE). (b) Device 

layout of the LEFET, with a schematic illustration of the ferroelectric-induced higher electron 

and hole densities in the transistor channel, upon the programmed gate-voltage. More light 

output is therefore expected from the ferroelectric LEFET compared with a conventional 

LEFET. 

 

 Typical bistable transfer characteristics are presented in Figure 8.2a. The 

simultaneously measured light emission (photocurrent Ip) is shown in Figure 8.2b. 

The source electrode was grounded (VS = 0 V) and the gate bias (VG) was swept 

from +60 V to -60 V and back to +60 V, while VD was kept at -60 V. Arrows indicate 

the direction of the hysteresis. Because of the large VD, the electric field over the 

ferroelectric dielectric is strongly dependent on the position in the channel. For all 

gate voltages, the drain current exceeds the associated gate current. This means 

that the drain current is predominantly due to charge transport in the semiconductor 

channel. Relatively low drain currents are observed at positive gate bias compared 

to the currents observed at negative gate bias. This indicates that the electron 

mobility is much lower than the hole mobility. We estimate electron and hole 

mobilities of 10
-5

 cm
2
/Vs and 10

-3
 cm

2
/Vs, respectively. Below we will come back to 

the possible origin of the low electron mobility. 
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Figure 8.2 Opto-electrical characteristics of the ferroelectric LEFET. Gate voltage VG is swept 

from +60 V to -60 V and back (VD = -60 V, VS = 0 V) continuously. (a) The current-voltage 

(transfer) characteristics show electrical bistability due to ferroelectric polarization reversal. (b) 

The photocurrent shows a corresponding hysteresis. Its onset (during forward sweep) at VG ≈ 

-30 V indicates the voltage at which polarization reversal occurs, i.e. where the applied gate 

bias at the source side exceeds the coercive field of the ferroelectric film and hole injection is 

facilitated at the source side. The inset in (b) shows the corresponding EQE during the 

forward and backward gate sweeps. 

 

 At VG = +60 V (i.e. VGS = +60 V and VGD = +120 V) the ferroelectric film is 

poled in the same direction at the source and drain sides of the channel. At about -

30 V of gate bias during the forward sweep, VGS (= -30 V) exceeds the coercive field 

of the ferroelectric film. The ferroelectric polarization direction is reversed at the 

source side. Meanwhile at the drain side of the channel the coercive field is not 

reached and the polarization direction is unchanged. The P(VDF-TrFE) film is now 

poled in opposite directions at the source and drain electrodes, respectively. The 

negative polarization at the source side is compensated by the accumulated holes in 

the channel. Because of the much higher hole mobility the drain current shows a 

sudden increase. The hole mobility amounts to the order of 10
-3

 cm
2
/Vs, in 

agreement with literature data 
[4][12]

. Also at VG = -30 V light emission sets in, 

indicating the formation of a p-n recombination zone in the semiconductor channel. 

Both drain current and light emission increase with further sweeping of VG to -60 V. 

This means that the polarization of the ferroelectric stabilizes the n-type 

accumulation at the drain side even though VGD = 0 V. Upon sweeping back the gate 

bias, the ferroelectric remains polarized and a distinct clockwise hysteresis in drain 

current and light emission is observed (Figure 8.2). The ratio of drain-current (ID) in 

the ON and OFF state was approximately 4 × 10
2
 at a gate bias of -20 V, with a 

modulation in light emission of 7 × 10
2
. During the return sweep, at about VG = +30 V 

the coercive field is reached again at the source side. The ferroelectric polarization 

at the source side is switched back to its initial state. The polarization is now positive 

again at both the source and drain sides of the channel. Hence the channel is 
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depleted of holes. The drain current is low again and concomitantly the light 

emission becomes negligible from this point during the backward sweep. 

 In Figure 8.2 the backward sweep was performed directly after the forward 

sweep, i.e. the device was biased continuously during the measurement. Next, we 

backward swept the same device from -60 V to +60 V after leaving the contacts 

unbiased (floating) for ca. 1 minute prior to the measurement. The thus obtained 

results are shown in Figure 8.3a. The current characteristics of the backward 

sweeps in Figure 8.2a and Figure 8.3a are very similar. The drain current of ≈ 10
-4

 

A at VG = -60 V is high, indicating efficient hole transport. It decreases by four orders 

of magnitude to 10
-8

 A at VG = +30 V. The light emission however shows a clearly 

different profile as a function of gate bias (Figure 8.3b vs. Figure 8.2b backward). 

When the contacts of the device were floated prior to the measurement (Figure 

8.3b), negligible light emission is observed at VG = -60 V. This suggests that either 

there is no charge recombination (i.e. no p-n junction), or charge recombination 

does not lead to light generation (i.e. excitons are quenched). Apparently, the 

polarization that stabilized the n-type accumulation at VG = -60 V in Figure 8.2 is lost 

upon floating the contacts. We tentatively attribute it to the depolarization fields that 

arise when charges leak away from the device 
[30][31]

. Loss in polarization state when 

no bias is applied is considered detrimental for use in non-volatile memories. In our 

ferroelectric LEFETs, however, this is not the case since light generation always 

requires an applied bias. When the gate is swept towards positive voltages, light 

emission becomes noticeable from around VG = -30 V, i.e. when the gate-drain bias 

VGD exceeds +30 V (coercive field). The onset of the light emission therefore 

coincides with the change in polarization direction of the ferroelectric gate dielectric 

at the drain electrode side. This polarization favors accumulation of electrons in the 

channel at the drain side, and leads to the formation of a more efficient light emitting 

p-n junction. Upon further increasing the gate bias, the light emission increases 

(Figure 8.3b). It peaks at ca. -11 V. At its maximum the light output (Ip) is similar to 

the value obtained at the same gate voltage for the backward sweep without bias 

interruption (Figure 8.2b backward). Also the switching OFF at positive gate 

voltages is very similar as in Figure 8.2b. 
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Figure 8.3 Backward gate sweep (VG from -60 V to +60 V, VD = -60 V, VS = 0 V), after leaving 

the contacts unbiased (floating) for ca. 1 minute. (a) Current-voltage sweep on the same 

P(VDF-TrFE) device as presented in Figure 8.2, and (b) the corresponding photocurrent. (c) 

Current-voltage sweep on a PTrFE device, and (d) its corresponding photocurrent. The 

corresponding EQEs are plotted as the insets of (b) and (d). 

 

 When the voltage-dependent emission is measured at lower VDS (-50 V 

instead of -60 V) with lower VG ranges, similar hysteretic light-emission 

characteristics are observed. The maximum value of the light emission is lower for 

the case of VDS = -50 V, as it approximately scales with channel current. 

 

8.4 Comparison between ferroelectric and non-ferroelectric 

LEFETs 

 Summarizing the results in Figure 8.2 and Figure 8.3ab, the ferroelectric 

polarization clearly modulates the light output. Moreover, the presence of oppositely 

poled regions on the source and drain sides of the channel seems to enhance and 

stabilize the light emission. In order to substantiate these conclusions, we 

numerically simulated the effect of ferroelectric polarization on semiconductor 

channel properties. In particular, charge density, recombination current and position 

of the recombination zone are calculated as a function of applied gate voltage. 

Details of numerical simulations are given in Section 8.7 below. Experimentally, we 

prepared transistors using two other fluorinated polymers as gate dielectric films: 

Teflon
®
 AF2400 and PTrFE. Nonpolar polymer dielectrics without hydroxyl (–OH) 
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groups were frequently used in combination with organic semiconductors as they 

usually provide devices with high electron currents 
[1][32]

. AF2400 is a nonpolar low-k 

polymer (dielectric constant of 2.1) 
[33]

. Well-balanced electron and hole currents 

were observed when AF2400 was used as the gate dielectric. The light emission 

was however negligible. In contrast to AF2400, PTrFE is a semicrystalline polymer 

and highly polar just like the P(VDF-TrFE) copolymer, but its ferroelectric 

polarization is negligible 
[31][34]

. Measurement of D–E curve for a capacitor with our 

PTrFE insulator layer (450 nm-thick) verified this lack of ferroelectricity. The 

similarity between PTrFE and P(VDF-TrFE) is also expressed in their equivalent 

relative dielectric constant (k) of ~ 13, as extracted from the D–E curves on our 

capacitors, and in line with previous literature value 
[28]

. The transfer curve and gate 

leakage current of the PTrFE transistors are presented in Figure 8.3c as a function 

of the gate bias. At positive gate bias the drain currents are much lower than those 

at negative gate bias. Hence, contrasting with AF2400 but similar to the P(VDF-

TrFE) transistors, the hole current is much higher than the electron current in PTrFE 

device. Because in all these transistors only the dielectric was varied and the 

semiconductor and contact metals were kept identical, the fact that well-matched 

electron and hole currents were realized in AF2400 transistors can rule out the 

possibility that the low electron currents in P(VDF-TrFE) and PTrFE transistors were 

due to the semiconductor (F8BT) itself. We can therefore attribute the low electron 

currents in P(VDF-TrFE) and PTrFE transistors to their dielectric interface that is 

apparently unfavorable to electron transport 
[1][32]

. 

 Because the gate dielectric thicknesses, channel lengths and widths were 

the same for the P(VDF-TrFE) and PTrFE transistors presented in Figure 8.3, we 

can directly compare the magnitude of their transistor currents and photocurrents. 

The maximum hole and electron currents of the PTrFE transistor are lower by a 

factor of 10 compared with the P(VDF-TrFE) device. Similarly, the maximum light 

output (Ip) of PTrFE device is about one order of magnitude lower (Figure 8.3d). 

This comparison confirms the positive influence of the ferroelectric polarization in the 

P(VDF-TrFE) transistor on the current densities and light output. 

 The broad, unstructured electroluminescence (EL) spectra of the P(VDF-

TrFE) and PTrFE transistors were recorded. The EL spectra with their emission 

maxima at ~ 538 nm are characteristic of F8BT and in good agreement with earlier 

studies 
[4][12]

. Using reported methods 
[11]

 we calculated the external quantum 

efficiency (EQE) of P(VDF-TrFE) and PTrFE transistors from the total photocurrent 

(detailed calculations are given in Section 8.2 Experimental). We obtained a 

maximum value of 1.06 % and 0.16 % for the P(VDF-TrFE) and PTrFE transistors, 

respectively. The maximum EQE of the F8BT/P(VDF-TrFE) transistors is 

comparable or higher than the values previously reported for this semiconductor 
[4][12][26][28]

, despite the relatively low electron mobility in our transistors. We believe 

that further optimizations, particularly higher and better matched electron currents, 

will lead to a further increase in device efficiency. One route, also based on the 

improved electron transport in our AF2400 transistors, would be to fabricate a 

LEFET with a double stack of a very thin nonpolar low-k dielectric layer such as 
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AF2400 and a much thicker P(VDF-TrFE) film, with the thin AF2400 layer interfacing 

the polymer semiconductor and ferroelectric. Such a device was recently reported 

by Naber et al. 
[28]

. A low-k dielectric, polycyclohexylethylene (PCHE), layer was 

inserted between F8BT and P(VDF-TrFE). In that work the high-k value of P(VDF-

TrFE) was exploited. This led to higher charge densities and well-balanced electron 

and hole currents. The EQE was 0.75 %. Polarization of the ferroelectric layer was 

not observed: the device showed hysteresis-free transfer curves. The relatively thick 

PCHE film of 120 nm resulted in a significant depolarization field 
[28][35][36]

. 

 

8.5 Programmability of ferroelectric LEFETs 

 As mentioned, the light emission of our P(VDF-TrFE) transistors displays a 

hysteresis loop due to polarization reversal of the ferroelectric gate dielectric (Figure 

8.2b). A gate bias window exists wherein the light output may have either of two 

levels depending on the actual polarization state of the ferroelectric gate dielectric. 

The maximum difference in light emission was 7 × 10
2
 at VG = -20 V. The switching 

characteristics of the P(VDF-TrFE)  transistor are depicted in Figure 8.4, showing 

the time evolution of its light emission. Gate voltage pulses with a duration of 200 ms 

and a pulse height of ± 60 V were used, effectively programming the transistor into a 

non-emissive OFF-state or a non-volatile emissive ON-state. The drain voltage was 

kept constant at -60 V. The drain currents during the read-out steps (at VG = -20 V) 

were on the order of 10
-6

 A in the ON state and of 10
-9

 A in the OFF state. The 

modulation of the light emission (Ip) was close to a factor of 10
3
. In addition to the 

switching behavior, a relatively small relaxation of the ON-state emission (Ip) was 

observed in Figure 8.4. The devices can be switched for ~ 100 cycles without 

obvious degradation. 
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Figure 8.4 Programmability of the ferroelectric LEFET. The top curve shows the applied gate 

bias (VG) sequence for the programming voltages used. The transistor currents (ID) in the 

middle, as well as the corresponding photocurrent (Ip) at the bottom are measured with VG = 

-20 V. Gate pulses of -60 V and +60 V (pulse width of 200 ms), are used to program the 

device repeatedly into the emissive ON-state and a non-emissive OFF-state, respectively. VDS 

was kept constant at -60 V. 

 

8.6 Recombination zone in ferroelectric LEFETs 

 The recombination zone in conventional LEFETs can be moved across the 

whole channel length by varying the applied bias. This was shown experimentally 

and modeled theoretically as two conjunct saturated channels of holes and electrons 
[3]

. The fact that the light emission can be controlled to be far away from the metal 

electrodes, which are the main source of emission losses, is seen as an attractive 

attribute of the light emitting transistors. Preferably the recombination zone is fixed 

at a pre-defined position. This would open the possibility to further increase the 

device light output, for instance, by incorporating optical structures such as a 

distributed Bragg reflector in the channel 
[14][15]

. Undesired small variability in mobility 

and threshold voltages of the electrons and holes during fabrication as well as 

charge-trapping effects during operation make it however difficult to fabricate 

LEFETs with the recombination zone at a pre-defined position. Here, our 

ferroelectric transistors provide another advantage. The gate voltage required to 

switch the ferroelectric polarization depends on the thickness of the P(VDF-TrFE) 

film, not on the properties of the semiconducting layer. It provides therefore another, 

independent, device parameter for optimization. Furthermore, here it is theoretically 

shown that the recombination zone is to a certain extent ‘pinned’ by the opposite 

ferroelectric polarization directions on the source and drain sides of the 

recombination zone, effectively lowering the influence of the semiconducting 

parameters. We modeled the effect of the ferroelectric polarization on the position of 

the recombination zone. For the non-ferroelectric case, the position shifts almost 

linearly with applied gate bias (Figure 8.5a, Section 8.7 below). This profile is 

essentially identical to that reported previously 
[3]

. Interestingly, in the ferroelectric 

transistor the position of the recombination zone becomes less dependent to 

variations in applied gate bias and shows hysteresis (Figure 8.5b, Section 8.7 

below). This can intuitively be understood as the surface charge density induced by 

the ferroelectric polarization charge is typically very large (several milliCoulombs up 

to maximal 75 mC per m
2
) as compared to the gate-induced surface charge density. 

Hence, small variations in gate bias do not lead to changes in the polarization of the 

ferroelectric and thus not to shifts of the recombination zone. 
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8.7 Numerical simulations for position of recombination zone & 

recombination current 

 Numerical simulations of the channel characteristics of an ‘ideal’ polymer 

light emitting field-effect transistor were performed based on the gate dielectric with 

or without ferroelectricity. The model consists of two major parts: a description of the 

ferroelectric, including the P-E hysteresis behavior, and a calculation of the transport 

of electrons and holes by solving the coupled drift, continuity and Poisson equations 

on a one-dimension grid 
[37]

. The first part of the model is based on dipole switching 

theory 
[38][39]

. It assumes that a ferroelectric consists of hysteretic units (hysterons) 

characterized by, in our case, a Gaussian distribution of coercive fields. Each 

hysteron is assumed to switch when this is energetically favorable. In this way, the 

model reproduces non-saturated inner polarization loops and accounts for 

depolarization effects 
[40][41]

. Device operation was then calculated by forward 

integration in time. In each time step, the mobile and polarization charge densities 

are calculated and used to update the electrostatic potential 
[42]

. 

 The following parameters were used in the simulation: 

 - Channel length, L = 10 μm, regular grid of 40 cells 

 - Thickness of the dielectric: 200 nm 

 - Relative permittivity, εr = 13 

 - Thickness of the accumulation layer: 1 nm 

 - No injection barriers (i.e. Ohmic contacts) 

 - Threshold voltage of the electrons and holes, VTe = VTh = 0 V 

 - Field-effect mobility of the electrons and holes, μe = μh = 1 × 10
-2

 cm
2
/Vs 

 - Remnant polarization, Pr = 75 mC/m
2
 

 - Coercive field, Fc = 50 MV/m; width of Gaussian distribution: 10 MV/m. 
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Figure 8.5 Modeling of the position of the recombination zone (counted from the source 

contact) as a function of gate voltage (VG) for a transistor with a non-ferroelectric (a: ‘PTrFE’) 

and a ferroelectric (b: ‘P(VDF-TrFE)’) gate dielectric. The solid curves are numerically 

simulated. The dashed curve in (a) was calculated using the Equation (8.1). The gate voltage 

was swept from -30 V to -50 V, then to -10 V and back to -50 V. Source and drain voltages 

were constant at 0 and -60 V, respectively. 
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 In Figure 8.5 the evolution of the position of the recombination zone vs. 

applied gate voltage for a non-ferroelectric (a) and a ferroelectric (b) transistor is 

shown. At all applied gate voltages the transistor is operated in the bipolar regime 

and emits light. The simulated results without ferroelectric polarization (Figure 8.5a) 

compare well with the analytical model that was derived from the simple quadratic 

equation for the saturation current 
[3]

: 
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     (8.1) 

 The simulation of the ferroelectric device (Figure 8.5b) is different in a 

number of ways: (i) The position of the recombination zone shows hysteresis, (ii) in 

two regions of applied gate voltages, -50 to -35 V and -25 to -10 V, the position of 

the recombination zone is insensitive to the value of the gate voltage, and (iii) the 

recombination zone does not completely move to the contacts, i.e. it stays in the 

central part of the channel. These pinning effects originate from the fact that the 

polarization of the ferroelectric gate insulator can be changed only when the applied 

voltage over the film exceeds the value of the coercive voltage (Vc) that is around 10 

V in our case. When the applied gate voltage reaches -50 V, the potential in the 

channel (V), around the recombination zone, equals -40 V, being VG + Vc. Since the 

ferroelectric polarization dominates the charge density in the channel, the magnitude 

of the charge density is almost constant in the channel; concomitantly, since μe = μh 

in this calculation, the channel conductivity is almost constant and the voltage profile 

is almost linear. The recombination zone (V = -40 V) therefore sits at roughly two 

thirds of the channel (VDS = -60 V), counted from the source contact. In order to 

move the recombination zone towards the source, the polarization at the 

recombination zone needs to be modified. In particular, this requires a voltage drop 

across the ferroelectric that exceeds Vc in magnitude and is negative. Hence, the 

recombination zone can be anticipated to shift for VG - Vc > -40 V, which is indeed 

(approximately) found in Figure 8.5b. Differences between these hand waving 

explanations and the actual calculations are related to the presence of the 

compensating charges in the semiconducting channel that stabilize the polarization 

of the ferroelectric gate insulator, and the distribution of coercive fields. The same 

explanation holds for the second plateau (i.e. VG: -25 to -10 V). 
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Figure 8.6 Modeling of the recombination current density as a function of gate voltage for a 

transistor with a non-ferroelectric (a: ‘PTrFE’) and a ferroelectric (b: ‘P(VDF-TrFE)’) gate 

dielectric. Note the different scales of the y-axes in (a) and (b), i.e. ~ 6 times higher current 

density in the case of ferroelectric (b), compared to the non-ferroelectric (a) gate. 

 

 In Figure 8.6 the recombination currents of the two LEFETs are plotted as a 

function of gate voltage. The sweeping scheme is the same as discussed above. 

The presence of the ferroelectric (Figure 8.6b) enhances the injection of both 

electron and hole currents resulting in more charge recombination as compared to 

the non-ferroelectric case (Figure 8.6a). Moreover, in case of the ferroelectric gate 

insulator also the recombination current shows hysteresis (Figure 8.6b), which is 

consistent with the previously discussed hysteresis in the position of the 

recombination zone, shown in Figure 8.5b. 

 In addition, we also modeled the behavior of less ideal ferroelectric 

transistors, i.e. lower mobilities and unbalanced charge transport. We found that the 

absolute value of the mobilities is not influencing the position of the recombination 

zone. With increasingly unbalanced charge mobilities, however, the hysteresis loop 

becomes smaller and the position of the recombination zone remains closer to the 

drain contact. ‘Pinning’ of the recombination zone still occurs.  

 

8.8 Conclusions 

 In summary, a programmable light emitting thin-film transistor is realized 

combining a solution-processed polymeric semiconductor and a ferroelectric gate 

dielectric. We demonstrate that integration of the ferroelectric dielectric offers a 

number of important advantages. Firstly, the charge density in the channel is 

increased, resulting in a higher light output. An external quantum efficiency of 

1.06 % has been demonstrated, which is ~ 7 times higher than the value obtained 

for a similar non-ferroelectric device. Secondly, the light emission also displays a 

hysteresis loop, and the device exhibits repeated light programmability. Thirdly, 

numerical modeling demonstrates that the position of the recombination zone 

becomes less sensitive to small variations in applied gate bias: the remnant 
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polarization charge of the ferroelectric layer ‘pins’ the position of the recombination 

zone. The latter opens the way to integrate specific optical out-coupling structures in 

the channel of these devices to further increase the brightness. Both the higher 

current densities and the possibility to integrate optical out-coupling structures such 

as distributed Bragg reflectors may help to reach population inversion which is a 

prerequisite for an electrically driven organic laser. 
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Summary 
 

Controlling Morphology and Molecular Order of Solution-Processed Organic 

Semiconductors for Transistors 

 

 As a potential low-cost alternative to traditional amorphous-silicon based 

devices, organic field-effect transistors (OFETs) are expected to be incorporated into 

all-plastic integrated circuits and flexible display backplanes. More recently, 

breakthroughs have been made in the performance of OFETs based on π-

conjugated small molecules, among which, tri-isopropylsilylethynyl pentacene (TIPS-

PEN) and its derivatives are currently under extensive investigations due to their 

good charge-transport properties combined with decent air-stability, as well as the 

possibility of inexpensive solution-processing. Fundamental understanding of the 

charge transport is not only important to deepen the understanding of structure-

property relationships of organic functional layers, but also to optimize the 

performance of various organic electronic devices. The charge-carrier mobility is a 

critical parameter for the operating speed of a device, notably, in an OFET. 

Structural inhomogeneity within a single component or between phase-separated 

blends has a significant impact on the local charge-transport properties. Thus, 

controlling the morphology and molecular order of organic semiconductors is the key 

to achieve optimal performance for OFETs.  

 This thesis is aiming at highly reproducible solution-processed organic 

transistors, with device parameters relevant to practical applications (e.g. low 

operating-voltages, steep sub-threshold slopes and uniform performance in large 

areas), through controlling the morphology and molecular order of small-molecule 

organic semiconductors. More specifically, this thesis intends to achieve a balanced 

combination of (i) a solvent-based processing method that can manipulate the 

morphology of organic semiconductors; (ii) a composite semiconductor formulation 

consisting of TIPS-PEN and a binder material such as a polymer; (iii) use of 

patterning methods in line with the requirements of large-area electronics, such as 

ink-jet printing; and (iv) an improved understanding of charge-transport mechanisms 

in (realistic) high-performance transistor devices based on these single-component 

or composite semiconductors. This combination results in highly reproducible 

solution-processed OFETs exhibiting high mobility as well as decent uniformity in 

large areas, as demonstrated throughout the thesis. 

 Aiming at the first objective (i) of this thesis, in Chapter 2, a new approach 

was developed to prepare large single crystals of organic semiconductors, by using 

azeotropic binary solvent mixtures. The two solvents form a positive azeotrope and 

have significantly different solubilities for TIPS-PEN. At solvent compositions close 

to the azeotropic point, an abrupt transition of morphology from polycrystalline thin-

films to large single crystals was observed. We found that the solvent composition at 

the late-stage of evaporation determines the final morphology, which can be facilely 
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controlled by adjusting the initial volume ratio of the binary solvents. The charge-

carrier mobilities were substantially enhanced by a factor of 4, from the morphology 

of thin-films to large single crystals used as active layer in OFETs. Additionally, this 

approach was extended to other π-conjugated organic molecules to elucidate its 

broad applicability. 

  To achieve a balanced combination of the objectives (ii) & (iii), i.e. large-

area patterning of composite semiconductors, next, we set out to study the effects of 

blending an organic semiconductor with an insulating polymer on the morphology 

and transistor performance. In Chapter 3 we presented a systematic study of the 

influence of material composition and ink-jet processing conditions on the charge 

transport in bottom-gate/bottom-contact OFETs based on single droplets of TIPS-

PEN/polystyrene blends. After careful process optimization of blending ratio and 

printing temperature we routinely make transistors with an average mobility of 1 

cm
2
/Vs (maximum 1.5 cm

2
/Vs), on/off ratio exceeding 10

7
, sharp turn-on in current 

(sub-threshold slopes approaching 60 mV/decade, the second steepest value for 

OFETs reported so far), and decent uniformity in large areas. These characteristics 

are superior to the neat TIPS-PEN devices. Using channel scaling measurements 

and scanning Kelvin probe microscopy, the sharp turn-on in current in the blends 

was attributed to a contact (tunneling) barrier that originates from a thin insulating 

polystyrene layer between the injecting contacts and the semiconductor channel. 

These new insights on device operations of our blend transistors provide valuable 

guidelines towards next-generation organic transistors based on small-molecule 

semiconductor and insulating polymer blends. 

 Following the knowledge gained in Chapter 3, and in line with the objective 

(iv) of this thesis on the fundamental understanding of device operation, a so-called 

‘electric field confinement effect’ on charge transport in polycrystalline OFETs was 

presented in Chapter 4. It is known that the charge-carrier mobility in organic 

semiconductors is only weakly dependent on the electric field at low fields; our 

experimental charge-carrier mobility in OFETs using TIPS-PEN was found to be 

surprisingly field-dependent at low source-drain fields. Corroborated by scanning 

Kelvin probe measurements, we explained this experimental observation by the 

severe difference between the local lateral-field dependences within grains and at 

grain boundaries. Redistribution of accumulated charges creates very strong local 

lateral fields in the latter regions. These strong local fields in the grain boundaries 

result in the carrier mobility in grain boundaries to become field-dependent, and as 

the mobility in grain-boundaries limits the overall mobility its field-dependence 

translates to a field-dependence of the average mobility. We further confirmed this 

picture by verifying that the charge-carrier mobility in channels having no grain 

boundaries, made from the same type of organic semiconductor, is not significantly 

field-dependent. Finally, we showed that our model allows us to ‘quantitatively’ 

describe the source-drain field dependence of mobility in polycrystalline OFETs. 

 Then, we moved to using molecular design to control the morphology and 

molecular order of organic semiconductors. In Chapter 5 we presented a new TIPS-

PEN derivative, namely BTE-TIPS-PEN, with ethyl substituents at the 2,3,9,10 
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backbone positions to modulate the solubility and film-forming properties. High-

performance OFETs were readily fabricated using a single-step process without the 

need to form blends or the use of top-gate architecture. Average mobilities above 1 

cm
2
/Vs were measured at low-operating voltages for specific crystal orientations, 

with the highest saturation mobility reaching as high as 3.92 cm
2
/Vs, confirming that 

an improved molecular design can indeed result in a controlled macro- and micro-

structure of BTE-TIPS-PEN thin films that positively influences the electronic 

properties. The high device reproducibility obtained for BTE-TIPS-PEN is also 

promising for the technological exploitation of such discrete devices in large-area 

organic electronics. 

 Next, we demonstrated in Chapter 6, that a careful selection of the casting 

temperature alone can allow a rapid production of OFETs with uniform and 

reproducible device performance over large areas. Based on a systematic 

investigation on the thermal behaviour of 5,11-bis(triethyl silylethynyl) 

anthradithiophene (TES ADT), we presented four distinctive solid-state phases of 

TES ADT exhibiting drastically different charge-transport properties, deduced from 

OFET device characteristics corroborated by Lateral Time-of-Flight (L-ToF) 

photoconductivity measurements. The best-performing crystal polymorph of TES 

ADT was identified: when casting solutions of TES ADT dissolved in chloroform at a 

substrate temperature of more than 20 °C below its glass transition temperature, 

highly-crystalline and homogeneous TES ADT thin films can be facilely produced in 

a single-step, without the need for any post-depositions as previously reported, 

opening pathways towards high-throughput and reliable fabrication of high-

performance OFETs. 

 In Chapter 7 we presented the first highly-reproducible n-type SAMFET, 

based on a perylene derivative (namely PBI-PA) with a phosphonic acid anchoring 

group which enables an efficient fixation to aluminum oxide. Simple device 

fabrication under ambient conditions leads to a complete surface coverage of the 

aluminum oxide with a monolayer of PBI-PA, and to transistors with electron 

mobilities up to 10
-3

 cm
2
/Vs for channel length as long as 100 μm. By implementing 

p- and n-type SAMFETs in one circuit, a complementary inverter based solely on 

SAMFETs, with a large noise margin of 7 volts and a gain up to 17, was 

demonstrated for the first time, paving the way to robust and low-power self-

assembled monolayer based complementary circuits.  

 In addition, in Chapter 7 we (surprisingly) found that our PBI-PA forms a 

‘nano-crystalline’ structured SAM with no long range in-plane order. Despite this, 

highly-reproducible SAMFETs with a decent electron mobility of 10
-3

 cm
2
/Vs were 

still achieved. This seems contradicted to the previously demonstrated p-type 

SAMFETs based on quinquethiophene derivative attached on silicon dioxide, where 

a long range (at least over several micrometers) in-plane order was believed to be 

the prerequisite to form the semiconducting SAM. This comparison gives an 

immediate consequence on how we should better understand the requirement and 

working principle of SAMFETs: here we propose that as long as the chemical 

anchoring (covalent bonding) of our PBI-PA molecules onto aluminum oxide surface 
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is taking place effectively, we can achieve a reasonably well-semiconducting 

monolayer without long range in-plane order. The fact that the mobilities in our n-

type SAMFETs were still one order of magnitude lower than the previous p-type 

SAMFETs is most likely due to the lower degree of π-orbital overlaps caused by the 

nano-crystalline nature of our PBI-PA SAM, in conjunction with the severely contact-

limited electron transport using Au as the charge-injecting electrodes here. 

Therefore, a further improvement on device performance addressing these two 

issues can be clearly envisioned. 

 As a side topic of this thesis, in the last Chapter, we introduced an 

unconventional use of the molecular (polymer chain/dipole) alignment, in the 

dielectric layer of organic field-effect transistors. Chapter 8 presented a voltage-

programmable light-emitting field-effect transistor (LEFET) using a ferroelectric 

polymer as the gate dielectric. We showed by both experimental observations and 

numerical modeling that, when the ferroelectric gate dielectric is polarized in 

opposite directions at the drain and source sides of the channel, respectively, both 

electron and hole currents are enhanced, resulting in more charge recombination 

and ~ 10 times higher light emission in a ferroelectric LEFET, compared to the 

device with non-ferroelectric gate. As a result of the ferroelectric poling (dipole 

alignment), our ferroelectric LEFETs exhibit repeated programmability in light 

emission, and an external quantum efficiency (EQE) of up to 1.06 %. Numerical 

modeling revealed that the remnant polarization charge of the ferroelectric layer 

tends to ‘pin’ the position of the recombination zone, paving the way to integrate 

specific optical out-coupling structures in the channel of these devices to further 

increase the brightness. 

 The results and new insights obtained in this thesis will serve as important 

guidelines for the development of new generation solution-processed organic 

transistors towards large-area organic (opto-) electronics. 
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